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Abstract
This thesis summarises the work carried out from two heavy-ion fusion-evaporation 
experiments that had the goal to perform 7-ray spectroscopy in very proton-rich nuclei 
in the A ~  130 and A ~  110 mass regions of the nuclear chart using radioactive- and 
stable-ion beams, respectively.
One of the first ever fusion-evaporation experiments using radioactive-ion beams 
was performed at GANIL in order to study proton-rich nuclei of the light rare-earth re­
gion. A radioactive 76Kr beam, delivered by the SPIRAL facility, was used to bombard 
a thin 58Ni target. The low production cross section of the exotic species of interest, in 
combination with the low intensity of the beam and its induced background, demanded 
the use of a highly efficient experimental setup. This consisted of the EXOGAM 7-ray 
spectrometer coupled for the first time with both the DIAMANT charged-particle ar­
ray and the VAMOS spectrometer. High-spin states in the 130Nd (22+), 129Pr (27/2~), 
127Pr (35/2_ ), 128Nd (16+), 131Pm (27/2_ ) and 126Ce (6+) nuclides have been ob­
served. The experimental challenges are discussed and the experimental achievements 
of the in-beam spectroscopy of proton drip-line nuclei are presented.
A level scheme has been constructed for the proton-unbound, T z =  3/2 nuclide 
15| l 56 following a recoil-decay-tagging experiment using the 58Ni(54Fe, p2n7 ) reaction 
at a beam energy of 195 MeV. The experiment was performed using the highly efficient 
JUROGAM 7-ray spectrometer in conjunction with the RITU gas-filled recoil separator 
and the GREAT focal-plane spectrometer. Cranking calculations are used to interpret 
band structures built on <^77/2 and 7r/i1;L/2 states in a weakly deformed, triaxial nucleus. 
In addition, a third band is proposed to be built on a 7rg7/2 orbital coupled to an 
octupole-vibrational phonon of the 108Te core.
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Chapter 1
Introduction
The atomic nucleus is a unique mesoscopic quantal system, where the interplay between 
the strong, the electromagnetic and the weak interaction defines its binding energy. 
It is described by nuclear models, as the underlying strong nuclear force is not well 
understood. Experimental nuclear structure studies probe the properties of the atomic 
nucleus and thus constitute a driving force as well as a testing ground for these models.
Cold nuclei at or near the valley of stability have been extensively studied both ex­
perimentally and theoretically and the existing nuclear models can successfully describe 
most of their properties. However, these models fail to explain or reproduce results 
from nuclei under extreme conditions of isospin, angular momentum, mass/charge and 
temperature. The experimental interest in studying nuclei under extreme conditions 
has driven modern spectroscopic studies towards exotic nuclei. Proton drip-line nuclei 
in particular provide a fertile testing ground for nuclear models as to extreme ratios 
of proton-neutron numbers and high values of angular momentum transferred to the 
system via the reaction mechanism, i.e. fusion-evaporation reactions. This thesis con­
centrates on the study of two different very proton-rich mass regions, the A ~  130 
rare-earth region around the drip-line nucleus 130Sm and the A ~  110 mass region and 
more specifically the 110Xe and 109I nuclides.
The A ~  130 rare-earth region is of great interest since very deformed prolate ground 
states have been predicted theoretically [1] with /% ~  0.4; in Fig. 1.1 the chart of the 
nuclei is illustrated with the corresponding ground-state quadrupole deformations of 
the nuclides calculated by Moller and Nix [2]. This ground-state deformation of nuclei 
around 130Sm reaches values as high as those corresponding to the superdeformed 
bands of the nearby cerium and neodymium isotopes at high spin. Studying thus 
these nuclei will allow some very interesting comparisons of their configurations to be 
made, i.e. are the same orbitals responsible for the large quadrupole deformation? 
This theoretically predicted large ground-state deformation can also be inferred from 
experimental deformation trends [3, 4]. These trends can be observed in Fig. 1.2, where 
the systematics of the 2+ —> 0+ and 15/2“ —> ll/2 ~  transitions of the even- and odd-Z
1
nuclides are illustrated, respectively. The energy of the 2+ —> 0+ transition of the 
yrast1 rotational band of the even-even nuclei is inversely proportional to the nuclear 
moment of inertia and hence to the quadrupole deformation 02, i.e. the lower the 2+ 
state, the larger the quadrupole deformation. In the odd-Z nuclei the 15/2“ —> 11/2“ 
transition energy is used for mapping deformation trends, as the yrast rotational bands 
are built on a low-fi hn /2 particle weakly coupled to the core and this transition is 
analogous to the 2+ —> 0+ energies of the even-even nuclei. In Fig. 1.2 it is evident 
that as the neutron mid-shell of N =  64 is approached, the ground-state deformation 
of these nuclei increases.
Moller Chart of Nuclides 2000
Quadrupole Deformation
Region of
interest
Deformation
□ -0.1 to 0.0
]  0.0 to 0.1
I  0.2 to 0.3
stable
Figure 1.1: Moller and Nix deformation systematics. The highly deformed mass region 
of 02 > 0.3 midway between the N =  Z =  50 and N =  Z = 82 double shell closures is 
evident.
The present experiment had the goal to probe the peak of this deformation by 
studying the yrast rotational bands of the lightest proton-bound samarium isotope 
130Sm, the first excited state of which has been documented in Ref. [5], and the com­
pletely unknown 131 Sm and 130Pm isotopes. A radioactive-ion beam delivered by the 
SPIRAL facility at GANIL, France, was used, inducing many experimental challenges. 
In order to identify and perform 7-ray spectroscopy in the nuclei of interest a highly 
efficient experimental setup was used, consisting of the EXOGAM 7-ray spectrometer, 
the DIAMANT charged particle array and the VAMOS spectrometer. The advances of
1 “Yrast” is the Swedish word for “dizziest” . The yrast state refers to the lowest energy state for a 
certain spin.
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the in-beam spectroscopy of proton drip-line nuclei are discussed and presented in this 
thesis.
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Figure 1.2: Systematics of the 2+ - ►  0+ and 15/2“ - >  1 1 /2 - transitions of the even-
and odd-Z nuclides, respectively, in the A ~  130 mass region. The data are taken from 
Ref. [6].
The A ~  110 region provides valuable information on single-particle energies and 
residual interactions with respect to the doubly magic 100Sn “core”. The 100Sn nuclide 
is the heaviest N =  Z nucleus believed to be bound. Its spectroscopic study would 
provide a stringent test of the nuclear Shell Model. Unfortunately, the level structure 
of this nucleus is not accessible with the technology available today. Nevertheless, im­
portant information can be obtained by studying excited states of nuclei in its vicinity. 
Moreover, in the A ~  110 region the emergence of collectivity, in the form of vibrational 
or rotational excitations, in the Te and Xe isotopes is of special interest. The present 
experiment performed a recoil-decay-tagging investigation of the level structure of the 
110Xe [7] nuclide via the 58Ni(54Fe, 2n) reaction. Another exit channel (p2n) of this 
reaction leads to the proton emitter 109I. In this thesis results on the study of the latter 
nucleus are presented.
The proton-unbound 109I nuclide, lying beyond the proton drip line, can yield 7-ray 
spectroscopic information, as its known ground-state proton decay can be used as a tag. 
Moreover, the level structure of 109I could shed light to the question as to from which 
orbital the proton is emitted, i.e. which orbital forms the ground state of 109I. The 
109I nuclide has been studied before twice, by E. S. Paul et al. [8] and by C.-H. Yu et
3
al. [9], yielding completely different level schemes, illustrated in Fig. 1.3. The present 
experiment exploited the powerful recoil-decay-tagging technique as implemented in 
the Accelerator Laboratory of the University of Jyvaskyla (JYFL), Finland, where the 
JUROGAM 7-ray spectrometer is coupled with the RITU gas-filled recoil separator 
and the GREAT focal plane. This work, with much greater statistics, has allowed a 
resolution of this conflict and a new level scheme has been built for the proton-unbound 
1091 nuclide.
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Figure 1.3: The previously proposed level schemes for the proton-unbound 109I nuclide.
In order to accommodate both aforementioned experiments, this thesis has been 
divided into four main chapters (Chapters 2, 3, 4 and 5), excluding the current and the 
last one. In Chapter 2 an introduction to the nuclear models appropriate for this work 
is presented. In Chapter 3 the experimental techniques and apparatus used in both 
experiments are described. The following two chapters document the experimental 
details, the results and the conclusions of the two experiments separately; in Chapter 4 
the radioactive-ion beam experiment is discussed with its implications on the in-beam 
spectroscopy of proton drip-line nuclei using EXOGAM and radioactive-ion beams, 
while in Chapter 5 the recoil-decay-tagging experiment and its results are discussed. 
Finally, in Chapter 6 general conclusions from both experiments are documented and 
suggestions for future work are proposed.
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Chapter 2
Theory
The nuclear many-body problem still remains an open question, while the nucleus 
presents ever more interesting features. The nuclear models that have been developed 
so far are only partly successful, since they are addressed to a specific mass region, or 
to specific properties of the nucleus etc.
The Liquid Drop Model and the Shell Model are the first nuclear models that were 
used in order to interpret various properties of atomic nuclei. Each of these models 
was successful in explaining different aspects of the nucleus, being thus complementary 
to each other in the interpretation, but at the same time completely different in their 
underlying structure. The Liquid Drop Model described bulk properties of the nucleus, 
explaining mostly collective modes of excitation, in contrast with the Shell Model that 
gave a reasonable explanation to the nuclear shell structure as independent movement 
of particles in an average field.
One of the most intriguing phenomena in nuclear physics is the interplay between 
single-particle and collective degrees of freedom; single-particle motion represents an 
out-of-phase motion and gives rise to shell effects, single-nucleon states etc., while 
collective motion represents an in-phase motion of the nucleons, giving rise to rotations, 
vibrations, nuclear deformation etc. The challenge nowadays is how to combine and 
explain these two completely different aspects of nuclear behaviour.
In this chapter a brief description of the nuclear models that are used for this work 
is given and various relevant phenomena are mentioned, such as nuclear deformation 
and nuclear rotation.
2 .1  L iq u id  D r o p  M o d e l
The Liquid Drop Model (LDM), first developed by Bohr and Wheeler in 1939 [10] 
to treat the fission process, comprises a phenomenological approach to the atomic 
nucleus, considering it as a liquid drop. This idea originated from observations of low 
compressibility of the nucleus, its well-defined surface and the saturation properties 
of the nuclear interaction [1 1 ], resulting in a nearly constant nucleonic density in the
5
interior and a surface radius approximately equal to 1.2A1/3 fm. Nowadays, it is well 
proven that the nucleus “looks” nothing like a liquid drop. But since this model provides 
a simple way of explaining collective phenomena, as well as its successful interpretation 
of bulk properties of the nucleus, it is worth giving a brief overview.
The binding energy (BE) within this model is given as a function of N and Z 
according to the equation
£2 /jg- _ rj\2
BE(N, Z) =  a voi A  ces u r A. / czco u l ^ 1/3 ®sym  ^  • (2.1)
The terms of Eq. 2.1 are related to the volume of the drop, the surface corrections to the 
attractive interaction, the Coulomb repulsion and the symmetry energy, respectively. 
In Fig. 2.1 a comparison of the experimental binding energies and the theoretically 
calculated ones from the LDM are plotted against proton and neutron numbers. Al­
though there is a good agreement between the experimental and theoretical values of 
the binding energy, it is evident that the nuclei present shell effects that cannot be 
explained within the LDM.
Figure 2.1: Experimental and liquid-drop binding energy difference as a function of 
proton Z and neutron N numbers [12], The pronounced peaks correspond to the more 
bound “magic” nuclei at Z =  28, 50, 82 and N =  28, 50, 82, 126. The small oscillations 
are due to pairing effects.
2 .2  S h e ll  M o d e l
The Shell Model or Independent Particle Model is based on the idea that the nucleons 
in a nucleus are considered to be independent particles moving in an average “mean- 
field” potential. The suggestion of almost unperturbed single-particle orbits is based 
on the fact that collisions of nucleons (fermions) within a nucleus are inhibited due to
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Pauli blocking. The Shell Model has been very successful in describing many nuclear 
properties and mostly for reproducing the magic numbers 2, 8, 20, 28, 50, 82 and 126.
Within the nuclear shell model the many-body Schrodinger equation has the simple 
form
H #  = E
i=l
- E v 2 + v W + E  u (n ) > =  E ÿ , (2.2)
where U is the two-body residual interaction. The question is about the shape of the 
average nuclear potential V  that will be used. There are many potentials that have 
been developed in order to describe as successful as possible nuclear properties. The 
most well-known are the infinite square-well potential
the harmonic oscillator
V{r)
-Vo, r < R q
Too, r > Rq
V(r) =  -  Vo
the Woods-Saxon potential
(2.3)
(2.4)
and the Yukawa potential
V(r) -Vo
1 T exp [ ^ ]  ’
(2.5)
V{r) = -V o^ j  a \  (2.6)
In these potentials Vo represents the well depth, Rq the nuclear radius, a  the surface 
diffuseness and u  the oscillation frequency.
The Woods-Saxon potential is considered to be the most “realistic” potential, while 
the square-well and the harmonic oscillator are not physical potentials. However, the 
latter two can be solved analytically and are used for qualitative considerations and 
calculations, while the Woods-Saxon potential can only be solved numerically. In the 
harmonic oscillator potential an £2 term can be added in order to flatten its bottom 
and produce a more “Woods-Saxon like” potential, leading to the modified harmonic 
oscillator (MHO). All the above mentioned potentials “provoke” spherical symmetry.
2.2 .1  Sp in-O rbit C oupling
The spin-orbit term was introduced in the Shell Model by M. G. Mayer [13] and O. Haxel 
et al. [14] in 1949, and it was only then that the experimental magic numbers could be 
reproduced, as illustrated in Fig. 2.2. The spin-orbit term takes into account whether
7
the orbital angular momentum l  and the intrinsic spin s of the particle are parallel or 
antiparallel. The consequence of such an assumption is the splitting of levels energywise 
according to the j  — £ + s value of j  = £ +  \  and j  = £ —\  to lower and higher energies, 
respectively.
N  =  6
\ N
\
\
-ld „
~  ~  ^
I d  ~  '  '
3 /2
" -- - -2 s
\ T h 1 /2
l d 5 /2
œ >
N =  1 i p  _  -  -  - - ^ ' 1 P l / 2
^ ^ 3 / 2
CT> Œ >
N  =  0 _______________________I s _____________  _________
S.H.O +" l 2 +~ ~  l-s
Figure 2.2: Evolution of the nuclear level ordering with respect to the nuclear poten­
tial, starting from the spherical harmonic oscillator (S.H.O) and moving towards the 
modified harmonic oscillator (S.H.O +  l 2) and the addition of the spin-orbit coupling 
term (S.H.O + i 2 +  t  ■ s).
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2 .3  N u c le a r  D e fo r m a t io n
The concept of nuclear deformation was first introduced when a great number of experi­
mental properties could not be explained assuming a spherical single-particle potential. 
A deformed nucleus, which is associated with a deformed mean-field potential, can pro­
vide an explanation for the existence of rotational bands, large quadrupole moments 
and transition probabilities deduced in various nuclei, fission isomers etc.
2.3 .1  N uclear Shapes
Describing the nucleus as a “drop” of nuclear matter, one possible shape parametrisa- 
tion involves the expression of the nuclear radius as a sum over spherical harmonics,
Riß A )  = C (a \ß)R0
oo A
i + E E «AA(M)
A=0 ß = — X
(2.7)
In Eq. 2.7 R 0 is the radius of a sphere, a A/ll are coefficients that represent distortions 
from the equilibrium spherical shape and C (a \ ll) is a factor that compensates for the 
incompressibility of nuclear matter, i.e. volume conservation under distortions. The 
first two terms of the multipole expansion of Eq. 2.7 are ignored, since they do not 
contribute to any shape oscillations; A =  0 represents compression or dilatation and 
A =  1 involves the displacement of the “drop” as a whole. Eq. 2.7 can therefore be 
rewritten as
R (6,<t>) = C(aXß)R0
oo A
1 + E E
A—2
(2.8)
The term with A =  2 gives rise to quadrupole deformation, the A =  3 term describes 
octupole shapes, the A =  4 hexadecapole shapes etc., as illustrated in Fig. 2.3. Assum­
ing rotational symmetry around the deformation axis, chosen as the z-axis, Eq. 2.8 can 
be simplified, since the terms with fi ^  0 vanish, as follows
R(6,4>) = C(a\o)R0 1 +  E a AO^ Ao(0, <f>)
A
C R0 i  + £ / ? AyAo (M )
. A
(2.9)
The spherical harmonics for /x =  0 are proportional to the Legendre Polynomials [15] 
and can be written as *
* ao( M )  =  ^ ^ ¿ I p x i c o s d ) .  (2.10)
The shape of an axially symmetric deformed nucleus is then described by the simplified 
equation
9
Figure 2.3: Nuclear shapes with no deformation, with quadrupole (A =  2) deformation, 
octupole (A =  3) and hexadecapole (A =  4) deformation in each column, respectively.
R(0) = C R 0 1 + 2A +  1 
47T
X ^ A ^ M cosI?) (2.11)
2.3 .2  Q uadrupole D eform ation
In the case of quadrupole deformation (A =  2, ellipsoidal shape), the radius R  is 
described by five coefficients («20, <a2±2> 02±i)> which can be reduced to three 
(two independent) considering rotation1, which will coincide the intrinsic frame with 
axes (1, 2, 3) with the principal axes of the system (x,y, z). The terms 0:21 and CC2-1 
vanish (cc2±\ =  0) and the system is described by the three Euler2 angles and the two 
remaining terms 0:20, «22 =  « 2-2 [11]. In this respect, 0:20 and Q!2±2 can be expressed 
by the polar coordinates (fa , 7 ) as
<220
C*2±2
fa  cos 7 ,
0 2
fa  sin 7 ,1 (2.12)
where fa  and 7 measure the total deformation and the lengths along the principal axes, 
respectively, according to the following equations
02 ~  \a 2n\2 — O'20 +  2a22, (2-13)
p
1 There are still five parameters: three Euler angles (these are just transformations from lab to 
intrinsic frames) and Q20, <*22 •
2Euler’s rotation theorem: Any rotation may be described using three angles.
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(2.14)
ÔRX —  Rq
ÔRy R0
ÔRZ =  R0 @2 COS (7 ) .
>
The Lund convention [16], as illustrated in Fig. 2.4, describes quadrupole nuclear shapes 
in the (/?2, 7 ) plane. To describe all possible shapes relative to the rotation axis a range 
of —120° < 7 < +60° is required. Axially symmetric shapes occur when 7 is a multiple 
of 60°, e.g. for 7 =  0°, —120° prolate shapes are described, while for 7 =  ±60° oblate 
shapes are described, as illustrated in Fig. 2.4. The most collective shape is met for 
7 =  —30°, where the collective moment of inertia is maximum. The collective regime 
extends for values —60° < 7 < 0°. All the possible shapes are illustrated in Fig. 2.5.
Figure 2.4: The Lund convention of nuclear shapes and rotations.
2 .4  N ils s o n  P o te n t ia l
Assuming an ellipsoidally deformed nucleus, i.e. an ellipsoidal average potential, Sven 
Gosta Nilsson [17] introduced the anisotropic harmonic oscillator Hamiltonian (H0), 
describing decoupled oscillations parallel and perpendicular to the deformation axis 
(z), plus two extra terms in order to reproduce single-particle levels in nuclei with
11
Figure 2.5: For 7 values of 0° and ±120° prolate (axial) shapes are described, while for 
7 values of ±60° and —180° oblate (axial) shapes are described. For all other values of 
7 the nucleus presents a triaxial shape (axes lengths: x  ^  y 7^  z).
pronounced deformed shapes on the basis of independent particle motion in an average 
field. The form of the Hamiltonian he initially used for this purpose is the following
H  = H0 + C l ■ s + D£2, (2.15)
where
H0 2m
mV 2 1 " "  2 ( 2 ,  2 \  , 171 2 2+  "T^-L +  V ) + TTu zz ■ (2.16)
The coefficient (C ) in the spin-orbit term of Eq. 2.15 defines the strength of the spin­
orbit force, while the last term provides the modification needed for a more realistic 
or “Woods-Saxon” like potential. The frequency uj±_ (u;^ =  cj* =  comes from 
the axially symmetric shape assumption with the z-axis as the symmetry axis. The 
deformation depends on the difference between the two oscillator frequencies u>± and 
uiz and an elongation parameter e is introduced via the equations
/  1 \
u>±_ = lv0(e) ^1 +  - e j  , (2.17)
/ 2 \
uiz = u 0(e) ( 1 -  - £ j  . (2.18)
From the definition of e prolate shapes are described for positive values (e > 0) and 
oblate shapes for negative values (e < 0), while the volume conservation condition is 
fulfilled for
ujxuiyUJz = constant =  =  (cj0(e =  0))3. (2.19)
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The harmonic oscillator quantum u 0 is determined from Ref. [18] as
hu0 = 41A-1/3
3 A MeV, (2 .20)
where the minus sign is used for protons and the plus sign for neutrons. The third term 
of Eq. 2.15 was later changed since it was noticed that for large N  quantum numbers3 
the shift in the levels was too strong. Eq. 2.15 then takes the form
H  = H0 +  C l ■ s + D { f  -  (f )N). (2.21)
The analytical solutions of Eq. 2.16 can be found in many textbooks, such as [11, 19, 20] 
etc. For the needs of this text only the results of these solutions will be mentioned. The 
eigenstates of H0 in the cylindrical basis can be characterised by the “Nilsson quantum 
numbers” or asymptotic quantum numbers
Q,n[Nnzm(],
where Q. =  mg ±   ^ is the ¿-component of the total angular momentum, n = (—1 )^  is 
the parity of the state and mg the projection of the orbital angular momentum onto 
the symmetry axis ¿. Another notation in this model uses the letters A and E for the 
projections of £ and s, respectively, as illustrated in Fig. 2.6. In the case of multiparticle 
configurations, an additional quantum number K  is defined as
K  = ^C L i. (2.22)
Figure 2.6: Quantum numbers defining nuclear angular momenta and their projections 
on the symmetry axis.
3N = nz + n± the number of quanta in the oscillator.
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The constants C and D of Eq. 2.21 may also be expressed as
C = -2Jiu)0k, (2.23)
D  =  —huj0KiJ,. (2.24)
In order to obtain a satisfactory reproduction of the nuclear levels, the values of /j, and 
k are obtained by fitting experimental data [21]. Their values vary according to each 
shell. A Coulomb term is also incorporated in these values and for zero deformation 
the already known nuclear levels must be reproduced.
The single-particle levels that emerge using the formalism described in this section 
can be seen in Figs. 2.7 and 2.8, where the Nilsson levels for protons and neutrons, 
respectively, as a function of the quadrupole deformation £2 are illustrated for nucleon 
numbers between the 50 and 82 shell closures. One can comment on the following 
characteristics of these diagrams:
• Each spherical shell-model state level splits into (2j  + l)/2  levels for non-zero 
deformation.
• Each level has a twofold degeneracy (± 0) due to the time-reversal symmetry, as 
illustrated in Fig. 2.9.
• The “Nilsson quantum numbers” are not conserved for small values of deforma­
tion, but are still used to classify the levels.
• For fixed values of 0  there is an opposite shift of the level energy depending on 
the sign of the deformation parameter e. For small values of if the level is shifted 
downwards for prolate deformation, e > 0, and upwards for oblate deformation, 
e < 0; low-il states favour prolate shapes, while high-Q states favour oblate 
shapes, as explained in Fig. 2.9.
• As the deformation parameter changes towards greater absolute values, there is 
an increasing mixing in the single-particle states, especially for high-j orbitals, 
where the splitting in levels is even bigger.
Presently, there are several models based on different potentials that can be used 
to calculate single-particle energies as a function of deformation. Although the poten­
tial used is not always the anisotropic harmonic oscillator, the resulting diagrams are 
generically called “Nilsson diagrams”.
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Figure 2.7: Single-particle energies (in units of oscillator energy Tiuiq) as a function of 
deformation £2 using the Nilsson potential for proton number 50 < Z < 82. The solid 
and dashed lines distinguish positive and negative parity levels respectively. For each 
level the “Nilsson” quantum numbers Q[Nnzme] are indicated.
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Figure 2.8: Single-particle energies (in units of oscillator energy fiu>o) as a function of 
deformation £2 using the Nilsson potential for neutron number 50 < N <82.  The solid 
and dashed lines distinguish positive and negative parity levels respectively. For each 
level the “Nilsson” quantum numbers Q,[Nnzme\ are indicated.
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Figure 2.9: Pairing is a phenomenon evident in many experimental findings. This 
attractive force acts on nucleons in the same j  orbital and pairs them such that J  — 
j i +.72 — 0. These pairs can be described as nucleons in time-reversed orbitals (velocities 
of opposite sign), as the idea of nucleons being in exactly the same state is excluded 
by the Pauli principle. For low fl values, there is a large overlap between the prolate 
core and the single-particle orbit, which is energetically favoured.
2 .5  N u c le a r  R o ta t io n
As stated in the introduction of this chapter, collective excitations are characterised by 
the coherent (in-phase) motion of the majority of the nucleons within a nucleus. As 
such, these excitations can be understood and explained easily if treated macroscopi- 
cally. The great stability of the magic nuclei has been associated with their spherical 
shape. However, as one moves away from these closed shells, the nucleus prefers en­
ergetically shapes that deviate significantly from that of a sphere, leading to nuclear 
deformation. This deformation in the nuclear shape induces rotational degrees of free­
dom, since an orientation in space is defined.
Assuming a deformed nucleus in a three-dimensional space, its orientation can be 
defined using the Euler angles, u  = Q,(f), x, while its state of motion can be defined using 
three quantum numbers [20]. These three quantum numbers are I  (the total angular 
momentum), M  (the eigenvalue of the projection of I  in a space-fixed coordinate system, 
i.e. laboratory system) and K  (the eigenvalue of the projection of I  in a body-fixed 
coordinate system, i.e. intrinsic system) and can be seen in Fig. 2.10. The wave function 
of the rotating system can then be expressed as
IpIKM = | IK M )  =  yj (2.25)
where 'DIMK are the rotation matrices.
For an axially symmetric deformed nucleus with the 2-axis as the symmetry axis, 
collective rotation can only be defined around an axis different than the symmetry axis
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Figure 2.10: The 2-axis corresponds to a space-fixed coordinate system, i.e. the labo­
ratory system, while the 3-axis belongs to the intrinsic coordinate system.
and thus perpendicular to it, conventionally the x-axis. This condition is introduced 
since an orientation cannot be defined quantum mechanically for rotation of the intrinsic 
system around the symmetry axis, i.e. the system is indistinguishable from the original. 
In the case of pure collective rotation the Hamiltonian Hrot of the system is
„  n2R 2 , ,
Hr°t — ~2j ~  > (2.26)
where R  = I  is the total angular momentum of the system originating only from 
the collective rotation (Fig. 2.11(a)) and J  is the moment of inertia of the system4. 
The energy in the case of pure collective rotation is associated with the total angular 
momentum as
Er = ^ 1 ( 1 + 1 ) ,  (2.27)
while the rotational frequency ui between two successive levels ( /  +  1 —> / — l ) i n  the 
rotational band of an even-even nucleus can be approximated by the following equation
. dE  1. , E~ . .
h U = d I ^ ~  2 E^ l+ l~ E l- ^ =Z ~2 ' (2-28)
In Eq. 2.28 Ix is the projection of I  onto the rotation axis and is equal to
lx = y / l ( I  +  1) -  K \  (2.29)
where K  is defined in Eq. 2.22. The value of J  for a rotating nucleus is found between 
the calculated moment of inertia for a rigid body and that of an incompressible non­
viscous fluid, implying that the rotational behaviour lies in between these two limits.
4Static moment of inertia .
18
In the case where single-particle degrees of freedom contribute to the total angular 
momentum I  by a factor of J  = j,  I  — R  +  J  of Fig. 2.11(b), the Hamiltonian of 
the system can be decomposed in two parts, the collective part and the intrinsic part,
H  =  Hrot +  H{nt, (2.30)
and the wave function is given as
^  —  (frrot^int- ( 2 -3 1 )
Figure 2.11: Angular momentum coupling, (a) There is no contribution from intrinsic 
angular momentum J  and thus the total angular momentum I  comes only from the 
collective rotation R, I  =  R. An example is the ground state rotational band of an 
even-even nucleus, where all nucleons are paired resulting to J  = 0. (b) Contribution 
to the total spin I  from single-particle angular momentum J  = Yh 3-
2 .6  C r a n k e d  S h e ll  M o d e l
The cranked shell model (CSM) was first introduced in a semiclassical way by D. R. In- 
glis [22] and provides a microscopic description of nuclear rotation, combining thus both 
collective and single-particle degrees of freedom. This is achieved by treating collective 
rotations as rotation of the deformed single-particle potential.
The semiclassical description of the CSM is based on the classical assumption that 
if one imposes a rotation around an axis (x) perpendicular to the symmetry axis (z) 
with constant rotational frequency uj, the nucleons can then be treated as independent 
particles in an average potential that rotates with the rotating frame.
For rotation around the x-axis (uj parallel to the x-axis) the many-body Hamiltonian 
of the cranking model is given by
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(2.32)
A  A
HUJ = H -  hulx =  ]T /iW = ~ ^#)>
1=1 i=l
where H  is the intrinsic single-particle Hamiltonian, Ix is the total angular momentum 
operator projected on the x-axis and htoIx a factor equivalent to the classical Coriolis 
and centrifugal forces induced by the rotating frame of reference.
If one wants to include pairing correlations in the cranking model, the Hamiltonian 
of Eq. 2.32 becomes
Hu = H  — h u lx -  A (P f +  P) -  AN, (2.33)
where the operators P t and P  create and destroy the pair field, A is the pair gap 
parameter and the chemical potential A acting on the particle number operator N  
constrains the number of particles [23].
2.6.1 S ignature and P arity
The parity 7r is a good quantum number for reflection symmetric systems (invariance 
with respect to space inversion V ) . The cranking Hamiltonian is also invariant with re­
spect to a rotation of 180° around the x-axis 1ZX =  e~‘inIx [23] (or any axis perpendicular 
to the symmetry axis),
P-x^ Pi =  e i7r/x^ i. (2.34)
The eigenvalues of TZX are r =  e~l7ra, where r is called the signature quantum number 
and a  the signature exponent quantum number. However, the name signature is most 
commonly used for the additive quantity a. The single-particle states can then be 
classified according to their parity 7r and signature a  quantum numbers. The possible 
values for a  are ai =  ±5  (rt =  ^pi), while the total signature of a system is defined as
[24]
Oitot = ^ 2  a i mod2, 
i occ
n 0t = f i  n,
i occ
and its parity given by
T^ tot — 1 1  T^i- 
i  occ
(2.35)
(2.36)
(2.37)
2 0
(~*tot Ttot I
0 +  1 0,2,4,...
1 - 1 1,3,5,...
+ \ —i
1 5  9 
2> 2 ’ 2 >■"
1
2 +i
3 7 11 
2 ’ 2 ’ 2 >■”
Table 2.1: Relation between the allowed values of the total angular momentum I  and 
the total signature quantum number [25].
2.6 .2  C SM  C alcu lations
In Fig. 2.12 CSM calculations for 109I have been performed with deformation parameters 
fa = 0.143, /?4 =  0.040 and 7 =  10°, and the quasiproton and quasineutron Routhians 
(e') as a function of rotational frequency are shown. The single-particle Routhian e' 
is the expectation value of the cranking single-particle Hamiltonian h $  of Eq. 2.32, 
e' =  (h$)- The following points are emphasised:
• At u  — 0 the observed levels correspond to the “Nilsson” levels for the given 
deformation parameters, as seen in Fig. 2.13. However, for low-fi orbitals or for 
triaxial shapes an appreciable admixture of the “Nilsson” basis states can occur, 
as in the case of 109I, see Table 2.2.
• Each level has a twofold degeneracy (time-reversed orbits, ± il). For increasing 
frequency u  the Coriolis force breaks this symmetry and the levels split into two. 
These two levels have different “signatures” .
• Levels with small fl- and large j-values show a strong signature splitting as a 
function of rotational frequency.
• Levels with higher j-values come down stronger with increasing u>.
The theoretical “alignment” of a single-quasiparticle, i.e. the angular momentum 
component of the quasiparticle along the rotation axis, can be calculated from the slope 
of its trajectory by the following equation
%U -- de’u{uj) duj 1 (2.38)
while for multi-quasiparticle states the theoretical alignment of the configuration is 
defined as
i = ^ 2 i u, (2.39)
V
where v denotes the single-quasiparticle configuration.
2 1
Figure 2.12: Single-quasiparticle positive-parity (red) and negative-parity (blue) proton 
(a) and neutron (b) levels calculated with a cranked Woods-Saxon potential with defor­
mation parameters fa  =  0.143, @4 = 0.040, 7 =  10°, and pairing parameters A^ =  0.68 
MeV, =  1.10 MeV.
Experimental Alignm ents and Routhians
In order to compare the theoretical calculations with the experimental findings, the 
experimental alignment (ix) and Routhian (e') are calculated with the following equa­
tions
— Ix{I) Ix,ref{I)i (2.40)
e'{I) = E%xpt{ I ) - E ? ef{I), (2.41)
where the reference quantity removes contributions from the core, leaving the single­
particle contributions to the energy and alignment. The reference quantities IXtTef{I) 
and E'ref(I )  are obtained using a reference configuration with a variable moment of 
inertia defined as
Jll) = Jo + J iu2, (2.42)
2 2
Table 2.2: Labelling of single-quasiparticle orbitals of Fig. 2.12. The amplitude of the 
mixing states at zero frequency is shown. In order to define the Shell Model state the 
following definitions are stated: i  = nz +  mg. j  — t  +  m s and Q. — mi + m s.
Label (Parity, Signature) “Nilsson” state Admixture Shell Model state
A, B (+, ± 1 / 2) [4, 3, 1] 1/2 34% §7/2
[4, 2, 0] 1/2 30% ¿5/2
[4, 2, 2]3/2 7% §7/2
C, D (+. ± 1 / 2) [4, 4, 0] 1/2 42% §9/2
[4, 3, 1] 1/2 15% §7/2
[4, 1, 1] 1/2 14% ¿3/2
E, F b  =Fl/2) [5, 3, 0] 1/2 26% I7/2
[5, 4, 1] 1/2 21% 1*9/2
[5, 5, 0] 1/2 17% 1*11/2
a, b (+, ± 1 / 2)
c, d (+, ± 1 / 2)
e, f h  ±1/2)
where J q and J \  are the Harris parameters [26]. The reference quantities Ix,ref(I) and 
E fef( I )  are expressed as
Ix,ref{I) =  w \Jo +  J iw 2] +  ix , (2-43)
Egef(I) = +  (2.44)
where ix = 0 for the ground-state band of an even-even nucleus.
2 .7  T o ta l R o u th ia n  S u r fa c e s  (T R S )
The TRS cranking calculations provide a detailed description of the nuclear shape for 
various quasi-particle configurations and rotational frequencies and are used to interpret 
nuclear structure features. The TRS formalism calculates the total routhian, i.e. energy 
in the rotating frame of a nucleus (N, Z) with a given quasi-particle configuration u, 
using a universal Woods-Saxon single-particle potential [27], according to the following 
equation
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Figure 2.13: Breaking of symmetries and evolution of structure when deformation 
and/or rotation is applied on a nuclear system. The single-particle levels are calculated 
using the shell model for spherical nuclei, the Nilsson model when deformation arises 
and the CSM when rotation is applied.
B“0 ,  N ,Z,v) =  £a=°(/3,N,Z.F)
+  . (2 '45)
In Eq. 2.45 $  denotes the deformation parameters /?2,/?4 and 7 . Eg^°  represents the 
Strutinsky energy at Tiu = 0 MeV, i.e. the energy calculated from the Liquid Drop 
Model and corrected for shell effects using the Strutinsky method [28, 29]. The second 
term of Eq. 2.45 represents the cranking energy, i.e. the energy gained due to the 
collective rotation and single-particle alignment. The nuclear properties are deduced 
by minimising this energy with respect to the deformation parameters and 7 . In 
Fig. 2.14 the results from TRS calculations performed for 109I are presented.
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109I  ( j t , a )  =  ( +  - 1 / 2 )
Figure 2.14: 109I TRS calculations for six rotational frequencies. The chosen config­
uration involves the odd proton in the B orbital (+, —1/2). The energy contours are 
separated by 250 keV.
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Chapter 3
Experim ental Techniques and  
Apparatus
Probing nuclear properties is mainly achieved indirectly by the interaction (nuclear or 
electromagnetic) of two nuclei. This imposes technical challenges, that always limit 
our understanding of nuclear physics. Over the last ~  100 years that nuclear physics 
has existed, since the discovery of radioactivity by Becquerel in 1896 and the first 
nuclear reaction experiment in 1932, the technological progress achieved up to now is 
outstanding. State-of-the-art detection systems, accelerators and powerful analytical 
techniques have given a big boost in the exploration of the still “unknown” territory of 
nuclear physics.
In this chapter a brief overview of the experimental apparatus and techniques used 
today in nuclear physics will be stated, focusing on the instruments used for this thesis.
3 .1  P a r t ic le  A c c e le r a to r s
An accelerator provides the sufficient kinetic energy that a particle needs in order to 
interact with a nucleus. As stated in its name, it accelerates charged particles up to a 
desired energy and directs them onto a target for a nuclear reaction to occur. Acceler­
ators can be categorised in five different general groups [30]: electrostatic accelerators, 
cyclotrons, synchrotrons, linear accelerators and colliding-beam accelerators. For the 
needs of this thesis only cyclotrons will be briefly described in the following section.
3.1 .1  C yclo tron  A ccelerators
Cyclotron accelerators can be further categorised in the magnetic resonance accelera­
tor (cyclotron), the sector-focusing or AVF (azimuthally varying field) or isochronous 
cyclotron and the synchrocyclotron.
In a cyclotron the ions of charge q execute semicircular orbits of radius r in the “D” 
electrodes (“dees”), due to the centripetal Lorentz force F induced by the magnetic 
field B
26
F = qvB = — y (3.1)
r
while they are accelerated in between the two “dees” by an increased electric field if 
the frequency of the alternating voltage is
v = qB
znm
(3.2)
The maximum kinetic energy T  of the particles when they exit the cyclotron depends 
on the radius of the cyclotron and the magnitude of the magnetic field that is applied 
and is defined as
1
T = x  mv* =
q2B 2R 2
(3.3)2 max 2m
With increasing velocity into the relativistic region, the mass of the particles increases 
and the resonant condition of Eq. 3.2 is no longer fulfilled. One way to compensate for 
this effect is by increasing the magnetic field in the regions where the particles become 
relativistic, i.e. at the larger radii. This increase in the field, however, applies defocusing 
effects in the beam. The way to correct for these is by the azimuthal variations of the 
magnetic field, illustrated in Fig. 3.1.
Circular Orbit 
Orbit in AVF Cyclotron
|_| High Field
]  Low Field
Figure 3.1: The magnetic field in an AVF cyclotron is separated into sectors of low 
(focusing) and high (defocusing) field. The stable orbit is not circular with the particles 
performing radial oscillations around a circle.
The maximum energy of a beam of mass A and charge state n (Q = ne) that can 
be delivered from a cyclotron is given by the factor K,
K  = T  A
n*
(3.4)
A specific design of the AVF cyclotron, where the magnetic field is provided by a 
number of magnetic sectors, leads to the separated sector cyclotron or ring cyclotron.
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These cyclotrons provide better vertical orbit stability. There is a number of separated 
cavities, where an RF generator increases the energy of the particles. The work in this 
thesis was carried out using AVF cyclotrons.
3 .2  R a d io a c t iv e - I o n  B e a m s
Over the last years great effort has been focused on the production of radioactive-ion 
beams (RIBs), which open a new perspective in the study of the nucleus. The G ANIL 
(Grand Accélérateur National d’ions Lourds) facility [31] at Caen, France, has an active 
role in the development of such beams with the current SPIRAL I and the upcoming 
SPIRAL II facilities.
3 .2 .1  T he SP IR A L  Facility
The SPIRAL (Système de Production d ’ions Radioactifs et d ’Accélération en Ligne) 
facility [32, 33], shown in Fig. 3.2, employs the ISOL (Isotope Separator On Line) 
technique for the production of RIBs. The first RIB that was delivered by the SPIRAL 
facility for experimental use dates back to 2001.
The primary beam, produced by an ECR (Electron Cyclotron Resonance) ion source 
and accelerated by one of the two compact cyclotrons C01 or C02 (K  = 28 MeV) of 
GANIL, is further accelerated by the two separated sector cyclotrons K  = 380 MeV 
CSS1 and CSS2 (Cyclotrons à Secteurs Séparés) at high energy; in Fig. 3.3 a diagram 
of the GANIL cyclotrons is shown. The intense beam is then fragmented onto a pro­
duction target. The radioactive atoms are transfered to an ECR type system where 
the ionisation of the atoms takes place. The extracted low-energy RIB is then injected 
into the K  = 265 MeV CIME (Cyclotron pour Ions de Moyenne Energie) cyclotron [34] 
and post accelerated up to energies of 25 MeV/u. The extracted RIB is then delivered 
to the a  spectrometer, where the nuclei of interest are selected according to their mag­
netic rigidity. The pure RIB is finally directed to the experimental areas of the GANIL 
facility, shown in Fig. 3.3.
3 .3  H e a v y -I o n  F u s io n -E v a p o r a t io n  R e a c t io n s
Heavy-ion (A > 40 [37]) fusion-evaporation reactions are widely used as a spectroscopic 
tool for nuclear structure studies. The unique aspects of this reaction mechanism 
involves the high angular momentum (up to about 80 h) that can be imparted to the 
compound nucleus and its high excitation energy (up to several hundred MeV). The 
“hot” compound system gives the opportunity to study near-yrast nuclear states and 
nuclear matter in conditions unaccessible by any other reaction mechanism. Also, by 
fusion-evaporation reactions one can produce very proton-rich nuclei.
28
SPIRAL
IN2P3/CNRS-DSM /CEA-Basse N orm andie
M. Lieuvin - project leader
1.7.A  MeV < E < 25.A M eV
P roduction  cave 
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ISO LD E-CERN. IFUSP-SP, U. Madrid
Figure 3.2: The SPIRAL facility. The picture is taken from Ref. [35].
i Cfifin S P I 1 ? A T .
Figure 3.3: The experimental halls at GANIL. The picture is taken from Ref. [36].
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The reaction mechanism that predominates when two ions interact depends on the 
energy of the projectile. At low energies, where the Coulomb barrier cannot be pene­
trated, Coulomb effects dominate, i.e. Coulomb excitation, Rutherford scattering. If 
the projectile has sufficient energy to overcome the Coulomb barrier and the associated 
wavelength is comparable to the nuclear dimensions, nuclear interactions occur. The 
different types of interaction that can occur depend on the impact parameter, b, of the 
two ions and are shown qualitatively in Fig. 3.4; the dotted line defines the distance 
above which the nuclear interactions are negligible.
Peripheral collision
Fusion
. . . . . . . .
b
Grazing collision {
Distant collision
Figure 3.4: Various types of nuclear reactions, i.e. peripheral collisions (elastic scat­
tering, direct reactions), grazing collisions (incomplete fusion, deep inelastic collisions) 
and distant collisions (elastic (Rutherford) scattering, Coulomb excitations).
3.3 .1  Form ation and D ecay  o f th e  C om pou nd  S ystem
In heavy-ion fusion reactions the compound system lies far from a statistical equilib­
rium. Its excitation energy is roughly constant, while the angular momentum of the 
system presents a broad distribution. If the system “survives” fission or other compet­
ing effects, it evaporates particles, mainly neutrons, protons, alphas, and emits 7 rays 
in the process of thermalisation. If one assumes for simplicity only neutron evaporation 
from the highly unstable compound system, the de-excitation of this system proceeds 
as follows:
1. Evaporation of neutrons takes place in order to “cool” the highly excited com­
pound system. Each neutron carries away energy equal to the neutron separation 
energy (~ 8 MeV) plus the kinetic energy of the neutron itself. However, the an­
gular momentum reduces only by one or two units. The system will continue to 
evaporate several neutrons until it reaches an energy that is roughly equal or less
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than the neutron separation energy. At this point the system cannot de-excite 
any more via neutron emission. This process takes the compound system in an 
approximately downward path in the Ex versus /  plane of Fig. 3.5.
2. Since neutron emission is strongly inhibited, 7-ray emission takes over. The de­
excitation of the system proceeds initially as a “statistical cascade” of dipole 7 
rays and eventually follows the yrast line to the ground state (predominately via 
quadrupole electromagnetic transitions). The line in the Ex versus I  plane of 
Fig. 3.5, below which the 7-ray emission dominates, defines the entry line.
Some characteristics of the decay of the compound system are stated below.
• The number of evaporated nucleons decreases with increasing angular momentum, 
since the capability to remove angular momentum varies according to the decay 
mode. In Ref. [37] the ratio of the angular momentum in units of h carried away 
by the emitted radiation to the associate change in excitation energy is presented; 
typical values of 0.1 to 0.2 MeV- 1  for nucleon emission (n or p), 0.25 to 0.4 MeV-1 
for a emission and larger than 1 MeV- 1  for fission and 7 emission are stated.
• The lifetime of the compound system is short, typically of the order of 10-20 s.
Figure 3.5: De-excitation of the compound system in the excitation energy (Ex) versus 
the angular momentum (I) plane.
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3 .4  S c in t i l la t io n  D e te c to r s
Scintillation detectors constitute one of the oldest and most important radiation de­
tectors. Their detection principle is based on the collection of visible light emitted by 
certain materials when interacting with an ionising radiation. The scintillation light is 
then converted into an electrical pulse using appropriate light sensors, such as photo­
multiplier tubes and photodiodes, and information on the energy and the type of the 
radiation can be extracted. Depending on their material, the scintillation detectors are 
distinguished as either organic, i.e. organic-based liquids and plastics, or inorganic, i.e. 
alkali halide crystals, gaseous scintillators and glasses.
3.4 .1  Inorganic S cin tillators
Inorganic scintillators are doped with small amounts of an impurity in order to perform 
more efficiently. This activator (impurity) creates energy levels in certain sites of the 
lattice of the scintillator that lie between the valence and the conduction bands, as illus­
trated in Fig. 3.6. When an ionising radiation interacts with the scintillation material, 
its atoms get excited. Their de-excitation through the activator’s states results in the 
emission of fluorescence light. The presence of the activator serves another important 
role, as the different de-excitation energy than that of the crystal lattice results in a 
transparency to the scintillation light. However, not all inorganic scintillators include 
activators.
Conduction
Band
- Activator
- States
Scintillation photon
Valence
Band
Figure 3.6: Energy band structure of an activated inorganic scintillator.
3.4 .2  C aesium  Iod ide
Caesium Iodide doped with Thallium (CsI(Tl)) is a widely used inorganic scintillator 
for the detection of charged particles and 7 rays. Its unique feature is the different time 
response (decay time) that it presents depending on the radiation type it interacted 
with, giving thus the opportunity to distinguish between different particles by applying 
pulse shape discrimination techniques.
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The decay of the photons during the scintillation process is described by the follow­
ing equation
IV =  A exp ^ +  5  exp ^ , (3.5)
where t j  and ts are the decay constants of fast and slow pulses, respectively, which 
correspond to the de-excitation of different states of the scintillator. In most scintillators 
the fast component is dominant. In CsI(Tl), however, these two components play 
both an important role in the decay time of the emitted light pulse and their relative 
intensity depends on the energy loss (dE /dx ) of the interacting radiation. Thus pulse 
shape discrimination techniques can be used to distinguish between different types of 
particles. Characteristic decay times for a  particles and protons in CsI(Tl) are 0.425 ¡xs 
and 0.519 /rs, respectively [38].
3 .4 .3  B ism u th  G erm anate
Bismuth Germanate Bi4Ge30 i2 (BGO) constitutes a widely used inorganic scintillator 
in 7-ray spectroscopy. This scintillation material is characterised by its high density 
and large atomic number of the Bismuth component, which leads to the high absorption 
efficiency of 7 rays (high efficiency for the photoelectric conversion of 7 rays). Its energy 
resolution, however, is bad. Thus BGO is used mostly as the Compton-suppression 
shield of the Ge detectors described in Section 3.8.
This non-alkali material is a “pure” inorganic scintillator, because it does not require 
an impurity to promote the scintillation process. The luminescence in this case is 
associated with an optical transition of the Bi3+ ion that is a major constituent of the 
crystal [39].
3 .5  S e m ic o n d u c to r  D e t e c t o r s
The most commonly used semiconductor detectors are built from silicon and germa­
nium. A crystalline material that presents a band gap between the valence and the 
conduction band of the order of «  1 eV is considered as a semiconductor. This band 
gap can be overcome by electrons via thermal excitation and electron-hole pairs can be 
created in the conduction and valence band, respectively. In the ideal case of a pure 
semiconductor the electrons and holes that are created are exactly the same in number. 
Semiconductor materials, however, always include an impurity in small concentrations, 
which, depending on its characteristics, can distinguish the material in n-type or p-type 
semiconductors, resulting in an excess of electrons or holes, respectively.
The n-type semiconductors include donor impurities, which contribute electrons in 
the conduction band, thermally excited from the donor levels, without corresponding
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holes in the valence band. Similarly, the p-type semiconductors’ acceptor impurities 
contribute holes to the valence band.
The detection principle of semiconductors is based on the creation of electron-hole 
pairs along the path of the ionising radiation they interacted with. The number of 
electron-hole pairs is relative to the energy of the radiation and their collection is 
achieved by applying an electric field. The n- and p-type semiconductors, however, 
cannot be used as they are for this purpose, since they present a finite conductivity, 
leading to the so called leakage current, which induces a great amount of noise. In 
order to compensate for this leakage current, a semiconductor junction must be created. 
There are several different configurations for this junction. The most commonly used 
junction, i.e. the pn-junction, will be briefly described. The pn-junction is created 
by bringing into contact an n-type and a p-type semiconductor material. In this way 
an electric field is built across the junction (the p-region becomes negative and the 
n-region positive) and a depletion zone is created, where there are no charge carriers. 
If radiation passes through this region, electron-hole pairs will be created and swept 
out by the electric field. In order to increase this region and for more efficient charge 
collection, a reversed bias is applied to the pn-junction (Fig. 3.7).
Figure 3.7: A pn-junction in reverse bias.
3.5 .1  H igh  P u r ity  G erm anium  D etecto rs
The High Purity Germanium (HPGe) detector is used in 7-ray spectroscopic investi­
gations. Highly penetrating 7 rays induce the need for bigger depletion zones in Ge 
detectors, i.e. larger active area for radiation detection, which can be achieved with a 
Ge detector that has been highly purified [39]. The HPGe constitutes such a detector, 
with an impurity concentration of less than 1010 atoms/cm3.
The band gap in Ge is of the order of «  0.7 eV. In order to minimise the thermally 
induced leakage current, HPGe detectors are cooled to 77 K with the use of liquid 
nitrogen, which is kept in thermal contact with the material. The low ionisation energy 
of HPGe detectors of the order of «  3 eV results in the collection of a large number 
of electron-hole pairs for a given 7-ray interaction. This contributes to an excellent 
energy resolution and relatively large signal-to-noise ratio.
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3 .5 .2  S ilicon  D etecto rs
Silicon detectors are used for charged-particle detection. Their big advantage is that 
they can operate at room temperature. These detectors provide good energy resolu­
tion, excellent timing characteristics and exceptional stability. Since the mid-1980’s 
segmented silicon detectors have been in use; the most commonly used geometry is a 
series of constant pitch, parallel strips with the generic title of silicon strip detectors. 
The double sided silicon strip detectors (DSSDs), with discrete detector elements on 
both sides of the detector wafer, provide great position resolution and are widely used 
in modern nuclear physics experiments.
3 .6  G a s  D e te c to r s
Gas detectors were the first devices ever to be developed for radiation detection [38]. 
Their operation principle is based on the collection of the ionisation electrons and ions, 
as opposed to the electron-hole pairs created in solid-medium detectors, that are created 
when an ionising particle interacts with the gas in the detector.
There are many types of gas detector that have been used in the past for radiation 
detection, and are still in use, depending on the experimental needs and the technolog­
ical progress that has been achieved so far. The ionisation chamber, the proportional 
counter and the Geiger-Miiller counter were mostly used in the past, while the multi­
wire proportional counter, the drift chamber and many more are mostly used in the 
present-day experiments.
3.6 .1  M ultiw ire P rop ortion a l C ounter
The Multiwire Proportional Counter (MWPC) consists of a plane of anode wires centred 
between two cathode planes. Each anode wire acts like a proportional counter, with 
its characteristic being the proportionality of the number of electron-ion pairs in the 
avalanche with the primary electrons created by the incident radiation. Also, position 
information can be extracted.
3 .7  S p e c tr o m e te r s  - S e p a r a to r s
3.7 .1  R ecoil M ass S p ectrom eters
Recoil mass spectrometers are versatile devices and are widely used in nuclear physics 
investigations. Their configuration varies according to the experimental goals they 
serve. Their general description involves a series of optical elements, that provide 
selectivity and focusing, and a focal plane, where the identification of the recoils takes 
place. Recoil mass spectrometers can be used as stand-alone devices or can be combined
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with various detection systems. In the latter case, they provide a very powerful tool 
for high selectivity.
3.7 .2  G as-F illed  R ecoil Separators
In heavy-ion fusion-evaporation reactions the fusion residues can be separated from 
the primary beam using a combination of electric and/or magnetic elements. A more 
efficient way of separating particles with a wide range of energies and charge states is 
the use of a dipole magnet filled with low pressure gas. When the ions travel through 
the gas-filled element, they change their charge state on average 100-1000 times per 
1 m of travel in atomic collisions. Their trajectory within the dipole magnet will be 
determined by their average charge state q. This average charge state is independent of 
the initial charge state and roughly proportionate to their velocity. It also depends on 
the ion’s Z number and the atomic number and density of the gas in which the latter 
moves [40].
Let’s assume that an ion of mass A, charge q and velocity v moves inside a homoge­
neous dipole-magnet field with flux density B  in a radius of curvature p. The magnetic 
rigidity of this ion will be
Bp mv
eq
(3.6)
where mv  is the momentum of the reaction product, q the average charge state and e the 
absolute value of the charge of the electron. N. Bohr in Ref. [41] predicted that all the 
electrons with orbital velocity smaller than v of the moving ion will be stripped, leading 
to an approximate average charge state of the ion q, calculated by the Thomas-Fermi 
model of the atom, defined as
q = ~  Z1/3, (3-7)v0
for a velocity range 1 < v /v0 < Z2/3, where v0 = 2.19 x 106 m/s is the Bohr velocity. 
From Eqs. 3.6 and 3.7 the magnetic rigidity of the ion for non-relativistic mass is
B p = |]i7 3  =  0'0227zW  T m - <3'8>
Eq. 3.8 provides a rough estimate of the separation properties of a gas-filled recoil sep­
arator. For symmetric reactions the magnetic rigidities of the evaporation residues, 
scattered target particles and the unreacted beam atoms give a ratio of 1 :0.6:0.6, re­
spectively. For asymmetric reactions the separation between the evaporation residues 
and the scattered target particles will be harder, but the unreacted beam atoms are 
much better separated than in symmetric reactions.
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3 .8  C o m p to n  S u p p r e s s io n
The high price of germanium detectors allows only a small size of crystal to be used 
experimentally. This results in many 7  rays not being fully absorbed within the volume 
of the crystal contributing to the so-called Compton continuum, since this background 
is created from Compton scattered 7 rays that have escaped the crystal. In order to 
compensate for this effect a BGO shield has been employed, i.e. BGO surrounding 
the Ge crystal. The scattered 7  rays that escape the Ge crystal are detected in the 
BGO and these events are then rejected. The result is a higher peak-to-total ratio in 
the 7-ray spectrum, which is vital when the channel of interest is very weak or when 
the energy of interest overlaps energywise with a very high Compton continuum from 
other strong channels. The BGO shield is also called a Compton-suppression shield or 
escape-suppression shield.
3 .9  D o p p le r  E ffe c ts
In in-beam experiments the detection of 7 rays suffers from two Doppler effects. One is 
the Doppler shift and the other is the Doppler broadening of the 7 rays. The Doppler 
shift involves the difference in the measured 7-ray energy (Eiab) from its true energy 
(Ej)  according to the following equation
E1 =  Elabl{ 1 -  /?cos0) =  (3.9)
where ¡3 = v/c  is the recoil velocity and 0 is the detector angle with respect to the 
velocity vector of the recoils. The Doppler shift effect occurs due to the moving recoils, 
that lead to changes in the wavelength of the electromagnetic radiation. For small 
values of (3, non-relativistic velocity (7 ~  1), Eq. 3.9 can be simplified to
E1 = Eiab{ 1 -  ¡3 cos 9). (3.10)
In order to compensate for the Doppler shift, the (3 value of the recoils must be calcu­
lated and Eq. 3.9 must be applied to the measured 7-ray energies.
In experimental situations where the angle of the outgoing recoil with respect to 
the beam axis (<^>), as illustrated in Fig. 3.8, is not identified, the angle 9 in Eq. 3.9 can 
be substituted by u, given that the reaction kinematics focus the recoiling nuclei in a 
small forward cone, inducing only a minor error in the Doppler shift correction (small 
<t>).
The Doppler broadening effect decreases the energy resolution of the detector and 
is due to its opening angle, inducing an uncertainty in the measured energy of
A E j  =  Eiabf3smdA9, (3.11)
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Beam
Figure 3.8: Emitted 7 ray to an angle 0 with respect to the velocity vector of the 
recoiling nucleus. The recoil is moving at an angle </> with respect to the beam axis.
where A6 is the opening angle of the detector. The Doppler broadening is maximum for 
6 = 90° and also dominates for bigger 7-ray energies. The only way to compensate for 
this effect is by increasing the granularity of the detector, decreasing thus its opening 
angle.
3 .1 0  T h e  E X O G A M  A r r a y
The EXOGAM (EXOtic GAMma-ray) spectrometer is a European collaboration for the 
development of a high photopeak-efficiency and energy-resolution 7-ray spectrometer. 
It consists of segmented HPGe Clover detectors and is used for nuclear structure studies 
using RIBs at GANIL.
3.10.1  T he C lover D etecto r
Composite HPGe detectors have been developed to overcome the challenges imposed 
by the Doppler broadening effects. These detectors consist of several HPGe crystals 
housed in the same cryostat, such that the photopeak efficiency will increase while the 
Doppler broadening effects will be compensated by the granularity of the detector.
The Clover detector, first developed for the EUROGAM phase II array [42], con­
stitutes such a composite HPGe detector of four co-axial n-type Ge crystals packed 
together in the same cryostat and is shown in Fig. 3.9. The advantage of a big crystal 
without reducing the position resolution of the detector is thus obtained. Its name 
comes from its structure which is similar to a four leaf clover.
Technological advances have allowed the electrical segmentation of each HPGe crys­
tal of the Clover detector (segmented Clover detector) leading to even better position 
resolution. This is achieved by segmenting the outer p-type contact of each HPGe crys­
tal longitudinally to split it into four [44], giving separate readouts. The total number
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Figure 3.9: (Left) HPGe crystal from the EUROGAM Clover detector. (Right) Four 
HPGe crystals arranged in the Clover configuration. The picture is taken from Ref. [43].
of signals from a segmented Clover detector are 20, 4 x 4 for the four segments of each 
crystal plus four for the centre contact of each crystal.
3 .10 .2  T he E X O G A M  C lover D etec to r
The EXOGAM [45, 46] Clover detector consists of four segmented HPGe crystals sep­
arated by less than 0.5 mm; an EXOGAM Clover detector is illustrated in Fig. 3.10. 
Each crystal is processed from an initial 60 mm in diameter by 90 mm long crystal 
and tapered for 30 mm at the front with an angle of 22.5°; more details on the EX­
OGAM Clover design can be found in Ref. [47]. The centre contact signal is of high 
energy-resolution, while the outer contact signals are poorer in resolution. The EX­
OGAM Clover crystals have been manufactured by two different companies, ORTEC 
and CANBERRA EURISYS.
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Figure 3.10: The EXOGAM Clover detector consists of four segmented HPGe crystals.
The EXOGAM Clover detector is surrounded by an escape-suppression shield com­
prised of individual building blocks of bismuth germanate (BGO) and CsI(Na)1 scin­
tillation detectors, i.e. the rear side shield (BGO), the side shield (BGO) and the back 
catcher (CsI(Na)), as illustrated in Fig. 3.11. The back catcher material was chosen 
instead of BGO for its lower cost. The energy of the 7 rays that scatter in forward
1The choice of CsI(Na) as opposed to CsI(Tl) is related to the higher detection efficiency that Csl 
presents if it is doped with Na.
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directions is large, as they deposit minimum energy in the HPGe detector, and thus 
larger thickness of suppression shield is needed for their detection. Although CsI(Na) 
has a lower stopping power than that of BGO, there is sufficient space at the back of 
the Clover for the use of this scintillator in a bigger size. The idea of several distinct 
elements comprising the suppression shield provides freedom for different configurations 
in EXOGAM. The suppression shield is operated in quadrants, i.e. the 7  events that 
are vetoed should involve signals from a HPGe crystal and its adjacent shield element.
Configuration A Configuration B
■■ Ge crystal 
■■ Rear side shield -  BGO 
Back catcher -  CsI(Na) 
c:~i Cold finger
Side shield -  BGO 
■ n  Collimator
Figure 3.11: The two different suppression-shield configurations. The back catcher 
consists of CsI(Na) since its volume is big enough to provide sufficient suppression with 
lower cost comparing to BGO.
3 .10 .3  E X O G A M  C onfigurations
The EXOGAM array consists of up to 16 segmented Clover detectors. The modularity 
of the suppression shield results in different configurations of the array,
1 . configuration A, where the Clover detectors can essentially touch at the front, 
comprising thus a close-packed geometry and
2. configuration B, where the detectors are further away from the target to allow 
the inclusion of the side-suppression shield.
Table 3.1 summarises the characteristics of these configurations.
The “complete” geometry of the array consists of 16 Clover detectors positioned at 
135° (four detectors), 90° (eight detectors) and 45° (four detectors) with respect to the 
beam direction. The “cube” geometry, consisting of four detectors, provides the mini­
mum distance between the target and the detector face at ~  50 mm for configuration 
A.
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Table 3.1: EXOGAM configurations for different geometries.
Geometry Suppression-Shield
Configuration
Distance to Target 
(mm)
Cube A 50.3
Cube B 68.3
Complete (16 detectors) A 114.1
Complete (16 detectors) B 147.4
3 .10 .4  E X O G A M  E lectron ics
The EXOGAM electronics use the VXI (VME extension for Instrumentation) bus 
standard. Its modules consist of the following cards,
• ECC: for the centre contact information from the HPGe crystal,
• GOCCE: for the segment information,
• ESS: for the escape-suppression shield,
• Master Trigger: defines the condition to record an event,
• Resource Manager: to centralise the information from several cards,
• CENTRUM: allows the coupling of EXOGAM with additional detectors.
The data acquisition software used for EXOGAM is MIDAS [48].
3 .1 1  T h e  D I A M A N T  C h a r g e d -P a r t ic le  A r r a y
The DIAMANT array, as implemented for this work, is illustrated in Fig. 3.12 and 
constitutes a light charged-particle (proton, a, etc.) detector array of CsI(Tl) scintil­
lators, that is coupled to the EXOGAM spectrometer and is used for channel selection 
by identifying emitted charged-particles from the fusion-evaporation exit channels. It 
consists of 48 CsI(Tl) 3 mm thick scintillator detectors coupled optically to PIN pho­
todiodes by plexiglás light guides, covering an almost 27r solid angle, from 8° to 90° 
with respect to the beam axis. The selected forward-focused geometry is due to the 
high absorption efficiency of low energy (< 400 keV) 7 rays that Csl presents, so that 
the DIAMANT elements will not cover the EXOGAM Clover detectors, situated at 
backward angles.
For each element of DIAMANT, three types of signals are derived: the energy of the 
particle, its type (particle identification: PID) and a time-reference signal related to
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Figure 3.12: The DIAMANT charged-particle array.
the time instance of the particle-7 coincidence. In order to acquire this information, the 
signal from the charge-sensitive preamplifier is processed with its amplitude giving the 
energy of the particle, its rise time the particle identification and the time of arrival the 
time reference signal [49]. The particle identification plot obtained by DIAMANT can 
be seen in Fig. 3.13. The particle identification is obtained by pulse shape discrimination 
techniques applied on the time response of the scintillator as mentioned in Section 3.4.2.
Figure 3.13: Left: Scatter plot of Particle-Type vs. Energy spectrum with intensities 
indicated by a grey-scale. Right: Particle-Type spectrum for the narrow Energy slice 
corresponding to channels 150-160 showing alpha, deuteron and proton peaks. The 
spectra are taken from Ref. [49].
The VXI standard was used for DIAMANT. DIAMANT is not integrated in the 
Master Trigger of the acquisition system, but acts as a “slave” to EXOGAM, i.e. its 
signals are written in the event only if the Master Trigger is satisfied.
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3.12 The VAMOS Spectrom eter
The low intensity of RIBs provided by the SPIRAL facility at GANIL and the study 
of nearly or completely unknown nuclei over a wide range of masses and energies need 
a highly efficient detection system. The VAriable MOde Spectrometer (VAMOS) [50] 
is of high acceptance and designed to identify reaction products induced by SPIRAL 
beams.
The VAMOS spectrometer is illustrated in Fig. 3.14. It consists of two magnetic 
quadrupoles (the first quadrupole focuses the beam in the y-direction, i.e. perpendicular 
to the plane of dispersion, whereas the second quadrupole focuses it in the ^-direction,
i.e. in the dispersion plane), one Wien filter (velocity filter that deflects the ions 
horizontally, providing the A/Q dispersion), one magnetic dipole (variable deflection 
angle from 0° to 60°) and the focal plane, consisting of two secondary-emission-electrons 
detectors {x — y and time measurement, SED detection system), an ionisation chamber 
(E, AE  measurement) and a plastic scintillator. The focal plane of VAMOS can consist 
of two different combinations of elements depending on the type of the beam. For fast 
and light ions two drift chambers are used followed by an ionisation chamber and a 
plastic scintillator. For slow and heavy nuclei the drift chambers are replaced by two 
detectors of the secondary emission electrons (SED detection system).
Figure 3.14: The VAMOS spectrometer.
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3.13 The JURO G AM  7 - ray Spectrometer
The JUROGAM array comprises a powerful 7-ray detector which consists of 43 (9 
GASP-type detectors [51] and 34 EUROGAM Phase-I type (Fig. 3.15) [52]) Compton- 
suppressed HPGe detectors. The 43 Ge crystals of JUROGAM are placed into six 
different angles with respect to the beam axis according to Table 3.2. Heavy-metal 
collimators are used at the front of each detector in order to prevent false signalling of 
scattered events from 7 rays that come directly from the target position.
Table 3.2: Detector number according to rings of JUROGAM.
Ring Ge 9
1 1-5 157.60°
2 6-15 133.57°
3 16-25 107.94°
4 26-30 94.16°
5 31-35 85.84°
6 36-45 72.05°
Figure 3.15: Technical drawing of a EUROGAM Phase-I detector module [53]. The 
picture is taken from Ref. [54],
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3 .1 4  T h e  R I T U  G a s -F il le d  I n -F l ig h t  R e c o il  S e p a r a to r
The RITU (Recoil Ion Transportation Unit) [55, 56] gas-filled recoil separator has a 
magnetic configuration of QDQQ, where Q stands for magnetic quadrupole and D for 
magnetic dipole, and is shown in Fig. 3.16. The first and third quadrupoles provide 
vertical focusing while the second focuses the particles horizontally. Normally, the 
basic configuration of a separator is DQQ, the dispersive element in other words is 
immediately downstream from the target in order to reduce the beam-like particles 
from the background in the focal plane. But in RITU, in order to increase the angular 
acceptance of the dipole, there is a vertically focusing quadrupole just before the dipole. 
The parameter values of RITU are presented in Ref. [57].
The He gas pressure was set to 0.6 mbar for this experiment, as this pressure value 
gave an optimum distribution of the reaction products at the focal plane of RITU. The 
separation time was of the order of 500 ns. Although in principle the original state of 
the ions entering the dipole magnet does not affect their separation through RITU, it 
is observed that a charge reset foil before the dipole provides the needed equilibrium 
charge state for more efficient separation.
U se o f Reset Charge State Carbon Foil
The de-excitation of a nuclear state can be performed via two different mechanisms, 
a 7-ray emission or an internal electron conversion. In the latter case an inner-shell 
electron is emitted leaving a vacancy, which will be filled by an outer electron leading 
to the emission of an X ray or an Auger electron. This process changes significantly 
the mean charge state of the recoiling residues from a fusion reaction [58]. In order to 
produce an equilibrium charge state distribution for the residues, a thin carbon reset 
foil is placed directly after the target. This way the transmission through RITU is 
optimum.
3 .1 5  T h e  G R E A T  S p e c tr o m e te r
The GREAT (Gamma Recoil Electron Alpha Tagging) spectrometer comprises a state- 
of-the-art implantation detection system and is presently used as the focal-plane detec­
tor of the RITU gas-filled recoil separator. GREAT is designed to detect protons, a  and 
¡3 particles, conversion electrons, X rays and 7 rays and it can be used for decay studies 
(stand-alone mode) or as a tagging device in order to perform 7-ray spectroscopy at 
the target position of RITU.
The GREAT spectrometer consists of the following detection systems [59], illus­
trated in Fig. 3.17:
1 . A MWPC (Multi Wire Proportional Counter), which gives timing, position and 
energy loss information of the ions passing through it.
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Figure 3.16: The RITU gas-filled recoil separator. The picture is taken from Ref. [54],
2. A DSSD (Double Sided Si Strip Detector), where all the ions that manage to 
“survive” through RITU are implanted.
3. An array of 28 silicon PIN diodes, which is mounted in a box arrangement around 
the perimeter of the DSSDs. The PINs allow the detection of conversion electrons 
and escaped protons or a  particles from the implantation detector.
4. A planar double-sided Ge strip detector, which is mounted directly behind the 
DSSDs. This detector has been designed for GREAT in order to measure X rays 
and low-energy 7 rays.
5. A Clover Ge detector, which is designed to measure higher energy 7  rays.
In the present experiment the GREAT spectrometer is used to give a valid tag for 
the identification of the nucleus of interest. For this reason only the DSSD and the 
MWPC are used in great extent. Thus, there is a more detailed description for the 
implantation and gas detector in the following sections.
3 .15 .1  T h e D ou b le  Sided S ilicon  S trip  D etector  o f G R E A T
The DSSD measures the energy of the implanted recoils and of their subsequent decays. 
It consists of two adjacent DSSDs. Each DSSD has an active area of 60 mm x 40 mm 
and a strip pitch of 1 mm in both directions, giving a total of 2400 pixels for each 
DSSD and 4800 pixels for the whole implantation detector. The thickness of the DSSD 
is 300 fj,m. The recoil-collection efficiency of the DSSD is «  85% [59].
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Figure 3.17: Schematic drawing of the GREAT focal plane and its detection mechanism. 
The picture is taken from Ref. [54], The Clover Ge detector (not visible here) is 
positioned either on top or behind the planar Ge detector.
In experiments with near Coulomb barrier beam energies, the recoils from fusion­
evaporation exit channels are fully absorbed in the silicon detectors within a few pm 
(1-10 pm depending on the characteristics of the specific experiment) [60]. However, 
thin degraders (e.g. mylar foils) can be used in front of the DSSD in order to reduce 
the energy of the implanted recoils as well as the energy of the scattered beam.
In this experiment the populated nuclei lie close to the drip line. These nuclei decay 
via (3 emission to more stable isotopes. Beta particles with an end-point energy of a few 
MeV deposit part of their energy in the silicon detector. This deposition depends on 
the direction of the particle and the multiplicity of the scattering within the detector. 
A ¡3 particle which impinges on the 300 pm silicon detector in the forward direction 
and which has an end-point energy of a few MeV deposits an energy of the order of 
~  100 keV, while those with complex trajectories in the DSSD (due to multiple scatter­
ing) result in a tail at higher energies [60]. The lower part of the energy deposition is 
usually cut by the threshold imposed on the silicon detectors for energies smaller than 
typically 50 keV.
3 .15 .2  T h e M u lti W ire P rop ortion a l C ounter o f G R E A T
The multiwire proportional counter (MWPC) is positioned at the entrance of GREAT 
and has an aperture of 131 mm x 50 mm. Two mylar foils are placed at the entrance 
and exit windows, in order to separate the isobutane of the gas chamber from the He 
gas of RITU and the vacuum of GREAT, respectively. The MWPC consists of four 
cathode planes and an anode wire plane and has two functions. One is to signal a 
recoil implantation or a decay in the DSSD via the coincidence or anti-coincidence 
mode, respectively. Moreover, it is possible to distinguish between a recoil event or a 
primary beam ion on a E-AE basis in conjunction with the energy information from
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the implantation detector.
3 .1 6  T h e  T o ta l D a t a  R e a d o u t  A c q u is it io n  S y s t e m
The Total Data Readout (TDR) acquisition system [61] has been developed for the 
GREAT spectrometer in order to compensate for the dead time losses induced by an 
RDT experiment. So far, in-beam experiments that implement a tagging technique 
used a common hardware trigger and all the detectors’ signals were recorded using 
delayed coincidences. This technique induces dead time losses, as the system remains 
“frozen” until the time gate for the event has been met. The TDR is a trigger less 
system where all channels run independently, thus reducing the dead time into the 
individual signal processing dead time, which is of the order of 10 ps.
In Fig. 3.18 a schematic diagram of the TDR system is illustrated. All the signals 
from the NIM/CAMAC front-end electronic units are fed into the VXI Analog-to- 
Digital Converter (ADC) cards, where the time-stamping takes place from a global 
100 MHz clock to an accuracy of 10 ns. To ensure the synchronisation, every 655 ps 
the metronome sends a sync pulse to the data. Via SHARC links the data streams are 
sent to the two collators where they are put in time order. The two time-ordered data 
streams are then fed into the merger where the output is one time-ordered stream of 
data. This time-ordered data stream is fed into the event builder via Gbit ethernet, 
where temporal and spatial information are applied in order to “decide” which data 
are stored. A typical software trigger in the event builder for an RDT experiment 
involves the data signalled by any focal-plane detector plus data from the target position 
detector for 5 ns delayed time from any MWPC or DSSD signal.
( METRONOME ]
Figure 3.18: The TDR acquisition system.
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3 .1 7  T h e  G R A I N  A n a ly s is  P a c k a g e
The data stored through the TDR system consist of time-ordered data streams that 
need a software trigger in order to construct an event. This software trigger is provided 
via the GRAIN analysis package [62], In the present experiment the software trigger 
is the OR(DSSD) gate with a trigger delay of 1 fis and a trigger width of 2 fis. This 
analysis program is based on JAVA and provides, apart from the event parser, a really 
useful and powerful sort engine.
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Chapter 4
Probing the M axim ally Deform ed  
Light Rare-Earth Region around  
the Drip-Line N ucleus 130Sm
Proton drip-line nuclei provide an important basis for the understanding of funda­
mental nuclear interactions and the determination of the limits of nuclear stability. In 
particular, proton-rich rare-earth nuclei of the A ~  130 region, as shown in Fig. 4.1, are 
of particular interest since highly deformed prolate ground states are expected. Indeed 
these nuclei, with neutron numbers lying midway between the N =  50 and N =  82 shell 
closures and proton numbers far away from the Z =  50 shell closure, are predicted to 
show maximal ground-state quadrupole deformations of /% ~  0.4 [1]. This value of fa 
corresponds to a prolate nuclear shape with a 3:2 axis ratio and is comparable to that 
deduced for superdeformed bands observed in cerium isotopes at high spin, allowing 
some very interesting comparisons to be made.
Mapping and understanding major regions of deformation away from closed-shells 
is an important aspect of nuclear structure physics. Experiments have succeeded in 
studying the nuclei approaching, but not yet reaching, the peak of this deformation. 
The use of RIBs opens up this exotic region of nuclei and allows the probing of nuclei 
around the peak of this systematic feature.
The present experiment aimed to study the predicted lightest proton-bound samar­
ium isotope 130Sm, the first excited state of which has been documented in Ref. [5], 
and the completely unknown 131 Sm and 130Pm isotopes via the fusion-evaporation re­
action IfNi +  |gKr and the exit channels 2p2n7 , 2pn7 and 3pn7 , respectively. From 
theoretical calculations a large ground-state deformation has been predicted for 130Sm 
with values of ¡3% ~  0.40 and 7  ~  0°. Experimentally the deformation trend of the 
even-even samarium isotopes can be observed by examining the energy of the first 2+ 
state; the lower the 2+ energy, the larger is the /?2 value. Moreover, the ratio of the 4+ 
and 2+ energy levels, E(4+)/E(2+), of an even-even nucleus can yield the type of its 
collective excitation; if E(4+)/E(2+) =  2 then the nucleus is a perfect vibrator, while
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if E(A+)/E(2+) =  3.33 the nucleus is a perfect rotor. In Fig. 4.2 the energy system- 
atics [6] of the lightest samarium isotopes are presented, where it is evident that the 
ground-state deformation is increasing for decreasing neutron number. Furthermore, 
their E(4.+)/E(2+) ratios show that these isotopes move towards the perfect rotor limit 
as neutrons are removed.
The present experiment, being the first of its kind, faced many technical problems, 
i.e. the VAMOS spectrometer failed during the second half of the experiment due to a 
vacuum problem. This in combination with the low production cross sections of the exit 
channels of interest and the high radioactive background from the 76 Kr beam precluded 
the identification of any transitions depopulating the nuclei of interest (130’131Sm and 
130P m ). However, the present experiment was pioneering in probing proton drip-line 
nuclei with RIBs using a state-of-the-art experimental setup. Thus, the experimental 
challenges and achievements of the in-beam spectroscopy of proton drip-line nuclei are 
presented in this chapter.
Figure 4.1: A ~  130 mass region. The highlighted-black isotopes correspond to nuclei 
with known excited states. The dashed line represents the approximate proton drip 
line as calculated from microscopic Hartree-Fock-Bogoliubov calculations [63], while 
the N =  Z line is also shown.
4 .1  I n -B e a m  S tu d ie s  u s in g  R I B s
The discovery of new exciting phenomena as well as the exploration of unknown terri­
tories on the Segré chart of the nuclei have led to the investment of money, effort and 
time for the development of RIBs. However, the use of RIBs induces several experi­
mental challenges, demanding the development of new spectrometers and the coupling
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Figure 4.2: Excitation-energy systematics of the ground-state rotational bands of the 
even-even samarium isotopes with 130 < A < 138. The numbers below each band show 
the E(A+)/E(2+) ratios.
of many complex detection systems. This is due to the low intensity of the RIBs, 
which requires highly efficient spectrometers for the observation of the nuclei of inter­
est, produced with low cross sections. Moreover, the highly induced background due 
to the radioactive decay of the beam necessitates the use of a highly selective detection 
system, which can be achieved by the coupling of many detectors. Finally, the 7-ray 
spectrometers should present high granularity in order to compensate for the increased 
Doppler-broadening effects when using inverse kinematics and close-packed geometries 
for greater photopeak efficiency.
4 .2  E x p e r im e n ta l  D e ta i ls
The experiment was carried out at GANIL, France, where the SPIRAL facility delivered 
a 76Kr RIB at an energy of 4.34 MeV/u and with an average intensity of 5 x 105 particles 
per second. The RIB impinged on a target consisting of 1.1 mg/cm2 of 58Ni on a 
thin carbon foil. The irradiation time was around seven days. The detection system 
consisted of the EXOGAM 7-ray spectrometer coupled together with the DIAMANT 
charged-particle array and the VAMOS recoil spectrometer.
In the present experiment EXOGAM consisted of 11 HPGe Clover detectors, with 
seven located at 90° and four at 135° with respect to the beam axis, as shown in Fig. 4.3. 
The detectors were positioned at ~  114 mm from the target position (suppression-shield 
configuration A: the rear side shield (BGO), the back catcher (CsI(Na)) and no side
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shield suppression is used [64]), where they can essentially touch at the front in order 
to comprise a close-packed geometry and thus increase the photopeak efficiency of the 
array.
Figure 4.3: The EXOGAM array as implemented in the present experiment.
The DIAMANT array, comprising of 48 CsI(Tl) scintillators, provided channel selec­
tion by identifying light charged particles emitted from the compound system (134Gd*), 
as described in Section 3.11. DIAMANT was mounted inside the target chamber with 
an almost 2n close-packed geometry covering forward angles with respect to the beam 
axis, from 8° to 90°.
The VAriable MOde Spectrometer (VAMOS) [50] is designed to identify reaction 
products induced by SPIRAL beams, since nearly or completely unknown nuclei are 
populated. Unfortunately, several technical problems during the experiment, as men­
tioned in the introduction of this chapter, precluded its use in the data analysis.
4 .2 .1  T he 76Kr B eam
The radioactive 3gKr11+ beam was produced via the fragmentation of a 68.5 MeV/u 
beam of 3|K r of 5 x 1011 particles per second intensity onto the production target. 
The CIME cyclotron and the a  spectrometer of the SPIRAL facility delivered the 
3gKr11+ beam at an energy of 330 MeV (4.34 MeV/u) and with an average intensity of 
5 x 105 particles per second. The 76Kr beam decays via electron capture (EC) and (i+ 
emission to 76Br and finally to the stable 76Se nuclide [65],
76Kr (t1/2=14.8 h) 76Br (t1/2=16.2 h) 76Se (stable).
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4 .3  R e s u lt s
The trigger condition used in the present experiment required an EXOGAM 7 — 7  event 
or an EXOGAM — VAMOS event. DIAMANT constituted a subset of EXOGAM and 
its signals, if any, were stored whenever this trigger was satisfied. The data collected 
were merged using the GANIL CENTRUM1 electronic module [66], providing time- 
stamped events before being written to tape for further off-line analysis. A total of 
approximately 109 such events were recorded. Their corresponding singles 7-ray spec­
trum is shown in Fig. 4.4(a). This spectrum is dominated by the radioactivity of the 
76Kr beam. The strongest peaks are the 511 keV annihilation peak and the 559 keV 
and 657 keV 7 rays from the 2^ —> 0+ and 2 \  —> 2^ transitions in 76 Se, respectively.
The fusion-evaporation reaction produced recoiling residues (v = 0.047c), which 
resulted in a Doppler shift and broadening of the detected 7 rays. In order to correct 
for this, the angle of the HPGe crystal/segment with respect to the beam direction 
is required. In Fig. 4.5 the sideview of an EXOGAM Clover detector is illustrated. 
Although its position with respect to the beam axis is at 90°, the crystals/segments 
have a slightly different angle. For the Doppler correction one needs to define this 
angle, which depends on the interaction depth of the 7 rays in the crystals/segments.
The low-energy 7 rays of interest (E7 < 800 keV) interact with the material of the 
HPGe crystal within its first few centimetres. In Ref. [44] measurements on a prototype 
segmented Clover detector for the definition of this interaction depth are presented. Its 
optimum value for 7 rays of energy up to ~  600 keV has been deduced at ~  30 mm. 
In the present experiment slight changes to the interaction depth around this value 
did not significantly alter the resolution of the 7-ray peaks. Thus the crystal/segment 
angles that were derived using the EXOGAM design of Fig. 4.5 have been deduced 
assuming an interaction depth of 30 mm and are summarised in Table 4.1.
The 7-ray singles spectrum that is Doppler corrected according to the four HPGe 
crystals of each Clover is shown in Fig. 4.4(b). The background radioactivity peaks 
from the decay of the 76Kr beam are split into four, since they are emitted from non­
moving beam-like particles built up in material at and around the target position. In 
contrast, 7 rays that are emitted from the moving fusion-evaporation products should 
now be aligned.
1 Clock Event Number Transmitter Receiver Universal Module
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Figure 4.4: (a) Total 7-ray spectrum (1 keV/channel). The labelled peaks correspond 
to the 511 keV annihilation peak, as well as to transitions depopulating excited states 
in 76Br and 76Se. (b) Total Doppler-corrected 7-ray spectrum (1 keV/channel). The 
background radioactivity peaks split into four, according to the four angles of the 
HPGe crystals with respect to which the 7 rays are Doppler corrected, (c) Doppler- 
corrected 7-ray spectrum (1 keV/channel) in coincidence with at least one charged 
particle identified by DIAMANT. These events constitute only ~  0.04% of the total 
number of events recorded during the experiment. Gamma rays from fusion products 
are now evident, labelled by solid circles.
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Figure 4.5: Sideview of an EXOGAM 
Clover detector positioned at 90° with 
respect to the beam axis and centred 
at 114 mm from the target position. 
For an interaction depth of 30 mm at 
point A, the deviation from 90° of the 
crystal angle is 6\ = 9.8°. For an in­
teraction depth of 30 mm at points 
B and C, the deviation from 90° of 
the segment angles is 02 = 5.0° and 
83  = 15.3°, respectively. Assuming 
that the recoiling nuclei travel along 
the beam direction, the crystal angle 
that should be used for the Doppler 
correction is 90° +  81 , while the seg­
ment angle is 90° — #2,3- Target
Table 4.1: Defined angles for the EXOGAM crystals and segments considering an 
interaction depth of 30 mm. For this calculation the EXOGAM design illustrated in 
Fig. 4.5 is used, where the 8 1 , 82 and 83  angles are introduced.
Clover angle
90°
135°
Crystal angle 
90° -  81 =  80.2°
90° +  0i =  99.8°
135° -  0i =  125.2
135° +  0i =  144.8
Segment angle 
90° -  02 =  85.0°
90° -  03 = 74.7°
90° +  02 = 95.0°
90° +  03 = 105.3
135° -  02 =  130.0
135° -  03 =  119.7
135° + 0 2 =  140.0
135° +  03 =  150.3
O
O
o
o
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4 .3 .1  D IA M A N T  G ates
DIAMANT provided the charged-particle identification of the evaporation channels. 
As mentioned in Section 3.11, for each element of DIAMANT three types of signal 
are derived: the energy of the particle, its type (particle identification: PID) and a 
time-reference signal related to the time instance of the particle-7 coincidence [49]. 
The two-dimensional plot of the energy versus the particle identification signal (PID 
matrix), shown in Fig. 4.6(b), provides characteristic distinct patterns for each type of 
charged particle and the 7 rays detected by the Csl and the PIN diodes. An energy 
calibration thus was not necessary. Before applying the two-dimensional gates on the 
detected protons and alphas, in order to suppress uncorrelated background events in 
DIAMANT, i.e. events that trigger DIAMANT but do not correspond to a prompt 
7 -particle coincidence, the timing information is extracted (Fig. 4.6(a)). The true 
coincidences between a fusion-evaporation charged particle and a 7 ray in EXOGAM 
comprises a small fraction of the events signalled by DIAMANT (Fig. 4.6(c)). The 
PID matrix that corresponds to these events is shown in Fig. 4.6(d); the two cuts select 
the detected fusion-evaporation protons and alphas and their distribution is shown in 
Fig. 4.7.
Considering the condition of emitted 7 rays in coincidence with at least one charged 
particle in DIAMANT, i.e. pure fusion-evaporation events, the spectrum in Fig. 4.4(c) 
is obtained. These events constitute only a small fraction ~  0.04% of the total number 
of events recorded during the experiment (Figs. 4.4(a) and (b)). It is evident that 
by gating on the charged particles detected by DIAMANT, most of the background 
radioactivity in the 7-ray spectra disappears, as seen also in Fig. 4.8, where the Ge 
Constant Fraction Discriminator (CFD) time versus the 7-ray energy is plotted with 
and without any gates applied in DIAMANT. The background radioactivity peaks are 
evident in Fig. 4.8(a), while they are suppressed after a selective DIAMANT gate has 
been applied, as seen in Fig. 4.8(b).
The almost 2-7T solid angle coverage of DIAMANT reduces its absolute detection 
efficiency; however, this configuration was chosen to allow low-energy 7  rays to be 
detected by EXOGAM, which covers backwards angles, without significant absorption. 
Unfortunately, this results in the “contamination” of the charged-particle gated 7-ray 
spectra from exit channels with a greater number of particles emitted than that required 
by the gate, i.e. 7 rays from the 3p and 4p exit channels will be visible in the 2p gated 
spectrum, as seen in Fig. 4.9. Using such “contamination” peaks, the proton detection 
efficiency of DIAMANT has been calculated at ev =  47(2)% for this experiment, as 
described in the following section.
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Figure 4.6: (a) Time of coincidence versus PID. (b) PID matrix, (c) Time of coincidence 
versus PID for the prompt 7-particle coincidences, (d) Particle identification matrix, 
gated by the fusion-events cut of plot (c). All the uncorrelated events plus the 7 rays 
detected by the Csl and the PIN diodes are suppressed. The two distinct patterns 
correspond to the protons and the alphas of the fusion exit channels. The applied gates 
can be seen.
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Alpha Multiplicity
Figure 4.7: Proton and alpha-particle distribution in DIAMANT.
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Figure 4.8: Characteristic spectrum of the Ge CFD (Constant Fraction Discriminator) 
time versus the 7-ray energy (a) without any gates on DIAMANT and (b) in coincidence 
with at least one proton emission. Almost all the background radioactivity is suppressed 
after the applied DIAMANT gates.
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Figure 4.9: Doppler-corrected 7-ray spectra (1 keV/channel) in coincidence with (a) 
one-proton emission, (b) two-proton emission, (c) three-proton emission and (d) four- 
proton emission. The dotted lines indicate transitions in the strongest four-proton exit 
channel (130Nd).
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D etection Efficiency o f D IAM ANT
In the case of 100% detection efficiency in DIAMANT the 7 rays that depopulate 
transitions in the 4p exit channel (130Nd) should not be visible in the lp, 2p and 3p 
gated spectra of Figs. 4.9(a), (b) and (c).
Let’s assume that the proton detection efficiency of DIAMANT is e. Following the 
different branches of the binary tree of Fig. 4.10, the probability of detecting zero, one, 
two, three and four protons are presented in Table 4.2. These probabilities should be 
reflected in the intensity of a 7-ray transition, i.e. the ratio of the intensity of a 7  ray 
that corresponds to 130Nd, the 4p exit channel, in the 4p gated spectrum and 3p gated 
spectrum should be equal to the ratio of the probability of detecting 4 and 3 protons 
for the 4p exit channel. Following this rule the ratios
/ ( 130Nd)4p 1 x e4 1 e
¿ V s p  -  j(i30Nd)3p -  4 x e3(! -  e) “  4 1 -  e ’ (4.1)
J ( 130Nd)4p 1 x e4 1 e2
/ i4p/2P -  7(130Nd)2p _  6 x e2(! _  e)2 “  6 (i _  £f  ’ (4.2)
7(130Nd)4p 1 x e4 1 e3
^ p /ip  -  j(i3oNd)lp “  4 x e(i -  e)3 -  4 (1 _  e)3 > (4.3)
are obtained and the general rule for the intensity of the 7 rays is
-^np/kp
IJM „ P _  1
A £ x )kp n \ (1 — e)n_k ’ (4.4)
where n and k are the number of particles of the exit channel and the corresponding
detected number of particles, respectively, and ^  ) the binomial coefficient 
n!/(k!(n — k)!). "
n
In order to calculate the proton detection efficiency of DIAMANT the strong 326 keV 
transition of the 4p exit channel 130Nd is used. In Table 4.3 this proton detection effi­
ciency has been calculated using three different ratios, giving an average of e =  47(2)%.
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Figure 4.10: Binary tree showing the probability distribution of detecting one, two, 
three and four particles in the four-particle exit channel.
Table 4.2: Probability of detecting zero, one, two, three or four protons when there are 
four protons emitted from the compound system.
Number of detected protons Probability of detection
0 1 x (1 — e)4
1
co1T—t"ufX
2 6 x £2(1 -  e)2
3 4 x e3(l — e)
4 1 x e4
Table 4.3: Calculation of the proton efficiency of DIAMANT from the ratio of the 
intensity of the 326 keV transition of the 4p exit channel (130Nd).
130Nd, E7 =  326 keV, 4p channel
np/kp R £
4p/3p 292(23)/1241(53) =  0.24(2) 0.49(5)
4p/2p 292(23)/2299(85) -  0.13(1) 0.47(2)
4p /lp 292(23)/1916(123) =  0.15(2) 0.46(2)
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4 .3 .2  Suppression  Shield
Events that deposit a fraction of their energy in the EXOGAM HPGe detector before 
scattering out can be suppressed in two ways. The first method, which is the most 
inefficient, uses the summed energy information from the suppression-shield elements 
of each Clover and vetoes those 7  events that are in coincidence with an event in 
the shield. The major disadvantage of this method is that the elements of the shield 
surrounding each crystal are not handled separately. In this way an event can be 
vetoed in crystal A, for example, when the shield surrounding crystal B has fired. This 
results in a dramatic decrease of ~  90% in the statistics. In Figs. 4.11(a) and (b) 7-ray 
spectra without and with the use of the Compton shield described in this paragraph 
are presented, respectively. The dramatic decrease in the statistics is evident.
The second method of suppressing the Compton events is by using the “BGO pat­
tern” of the so-called “quadrant suppression”. This is a 12-bit word that corresponds to 
each element of the crystal and the shield, as shown in Table 4.4, and which is generated 
from the DAQ. By using this pattern, the Compton-suppression-shield information can 
be used separately for each crystal. The suppressed events involve a Ge bit for a spe­
cific crystal switched on (1 ) and the bits that correspond to the equivalent BGO and 
Csl switched off (0). In Fig. 4.12 the fusion-evaporation-event statistics for different 
combinations of Ge and shield elements firing are presented. From this figure one can 
see that the aforementioned suppressed events constitute only a small percentage of the 
total number of events that have fired the Ge crystal (histogram 9 versus histogram 3, 
respectively, which vary between 18% and 30%). The anti-Compton shield has fired for 
the majority of the events (Fig. 4.11(c)). However, it is not clear in what percentage 
this is due to the high background radioactivity induced by the beam and built up at 
and around the target position or to the malfunctioning of the “BGO pattern”, evident 
from Fig. 4.13. For this reason the suppression shield could not be reliably used in the 
data analysis. The DIAMANT gates should be enough to clean the 7-ray spectrum 
from the background radioactivity of the beam.
Table 4.4: “BGO pattern” bit correspondence.
Signal Bit Signal Bit Signal Bit
Ge(A) 1 BGO(A) 5 Csl (A) 9
Ge(B) 2 BGO(B) 6 CsI(B) 10
Ge(C) 3 BGO(C) 7 CsI(C) 11
Ge(D) 4 BGO(D) 8 CsI(D) 12
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Figure 4.11: Gamma-ray spectra (1 keV/channel) in coincidence with at least three- 
proton emission (a) without Compton suppression, (b) with Compton suppression, 
using the summed energy information from the shield, (c) with Compton suppression, 
using the “BGO pattern” . In (c) only events corresponding to “(9) Only Ge fires” of 
Fig. 4.12 are incremented.
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Figure 4.12: Statistics for events that are in coincidence with at least three-proton 
emission signalled by DIAMANT. (1) All events passing the gate. (2) Ge plus BGO plus 
Csl fire. (3) Ge fires (independently of BGO and Csl). (4) BGO fires (independently 
of Ge and Csl). (5) Csl fires (independently of Ge and BGO). (6) BGO and Csl fire 
(independently of Ge). (7) Ge and BGO fire (independently of Csl). (8) Ge and Csl 
fire (independently of BGO). (9) Only Ge fires. (10) Only shielding fires (BGO or Csl) 
(11) No signal from the Crystal. (12) “BGO pattern” does not work at all.
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Figure 4.13: “BGO pattern” for all 11 Clovers of the experiment. The BGO pattern of 
Clover 6 does not work, while the rest do not present a 100% good function.
6 6
4.3 .3  C rysta l A ddback
The crystal-addback technique involves the summation of all the 7  events within a 
Clover, treating them as Compton-scattered events, increasing thus the photopeak 
efficiency of the array. The addback factor represents the increase in the photopeak 
efficiency, when the crystal addback has been applied. In Fig. 4.14 the simulated 
addback factor at 1.3 MeV as a function of the 7-ray multiplicity is shown for the full 
16 Clover EXOGAM array and for the two different configurations A and B, while 
the straight line for addback factor equal to one represents the gain in efficiency if no 
addback has been used. The decrease of this factor for increasing 7 multiplicity is due 
to pile up effects.
The 7-ray multiplicity in the present experiment for a highly selective DIAMANT 
gate, i.e. at least three-proton emission, is shown in Fig. 4.15. Although the addback 
technique would increase the detection efficiency and the peak-to-total ratio of the 7- 
ray spectra for high-energy 7 rays, this is not the case for the present experiment, as 
the 7 rays of interest are low-energy 7 rays and no scattering between multiple crystals 
(three or four) is expected, as shown in Fig. 4.16. Most of the multiple-scattered events 
are either background or separate events. So, the addback technique has been applied 
only for a maximum of two crystals firing in the Clover. In Fig. 4.17(b) the resulting 
spectrum with the crystal addback is presented, where the events that fire one crystal 
have been Doppler corrected using the angle of the fired crystal and the events that 
scatter within two crystals have been corrected with the mean angle of the two crystals,
i.e. (0i + 02) /2, while their energy is the sum of the energies of the two hits. The events 
that scatter within three and four crystals have been removed. From Fig. 4.17 it is 
obvious that there is not a difference between the two spectra apart from the slightly 
fewer statistics when applying the addback, since the three- and four-crystal events have 
been removed. This was expected as the low-energy 7 rays of interest do not scatter 
within many crystals. The crystal-addback technique is very useful for higher-energy 
7 rays, but not appropriate for the present experiment.
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Figure 4.14: Simulated addback factor for 16 EXOGAM Clovers in configurations A 
(circles) and B (triangles) at 1.3 MeV as a function of the 7-ray multiplicity [46, 64]. 
The case where no addback has been applied is represented by the straight line for 
addback factor equal to one.
Figure 4.15: Gamma-ray multiplicity in coincidence with at least three protons signalled 
by DIAMANT. The mean value of this distribution is equal to 4.3.
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Figure 4.16: Number of HPGe crystals firing in each Clover (crystal multiplicity) for 7 
events that are in coincidence with at least two-proton emission signalled by DIAMANT 
when no addback has been applied.
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Figure 4.17: Gamma-ray spectra (1 keV/channel) in coincidence with at least three- 
proton emission (a) without and (b) with crystal addback.
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4 .3 .4  S egm en t-H it P a ttern
The idea of the “segment-hit pattern” is to use the angle information from the hits 
recorded in the segments and apply this to the energy given by the centre contact for 
each crystal. In this experiment three scenarios are considered, constituting ~  70% 
of the fusion-evaporation 7  events according to Fig. 4.18, and which are illustrated in 
Fig. 4.19.
1. Only one segment fires in the Clover. The energy from the centre contact, in which 
the fired segment corresponds, is corrected using the angle information from the 
fired segment. The corresponding 7-ray spectrum is shown in Fig. 4.20(a).
2. Two segments fire in the Clover. In this case one should further distinguish the 
following options:
• Both segments come from the same crystal and the mean angle of the two 
segments, i.e. (6fi +  62)/ 2, is used to correct the energy centre-contact signal 
for the crystal. The 7-ray spectrum that matches these events is shown in 
Fig. 4.20(b).
• The two fired segments correspond to different crystals and in addition they 
are not neighbours2. In this case each hit can be assumed as independent 
from the other, and thus the energy centre-contact signal can be used for each 
crystal separately correcting with the corresponding fired-segment angle. 
This 7-ray spectrum is shown in Fig. 4.20(d).
3. Three segments fire in the Clover. The simplest case of all three segments corre­
sponding to the same crystal is taken into account and the angle of the crystal is 
used. Such a 7-ray spectrum is shown in Fig. 4.20(c).
In order to examine the improvement in the quality of 7-ray spectra when using the 
“segment-hit pattern”, the peak-to-background (P/B) ratio, the peak-to-total (P/T) 
ratio and the resolution (FWHM) of the 7 peaks have been calculated experimentally. 
The results are shown in Table 4.5. In this context, the P/B  ratio of a 7 peak is defined 
as the ratio of the count in the highest photopeak channel to the mean count of the 
background under this peak. Similarly, the P /T  ratio is defined as the ratio of the peak 
area to the total area under the peak (peak plus peak background).
There is indeed a significant improvement in the 7-ray spectrum when using the 
“segment-hit pattern”, as can be seen in Figs. 4.21, 4.22 and 4.23, with the P /B  and 
P /T  ratios improvement reaching values as high as ~  70% and ~  40%, respectively. 
This is due to the more accurate Doppler correction and the reduced opening angle of
2In between a hit in crystal A and a hit in B, C, or D as neighbours are characterised the following 
combinations of segments: 1-6, 1-7, 2-6, 2-7, 2-10, 2-13, 2-14, 3-13 and 3-14.
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the detector because of the use of the segment information. Moreover, selecting events 
that do not exceed scattering into more than three segments reduces the background, 
as the energy range of the 7 rays of interest do not support events that scatter within 
many segments.
y events within a 
Clover
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♦ ♦ ♦ ♦
1 segment 2 segments 
1
3 segments 4 segments
1
60%
1
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same different same
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non
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Figure 4.18: Experimentally calculated percentages of the number of segments that 
fire for a 7 event in an EXOGAM Clover when a highly selective DIAMANT gate is 
satisfied. These percentages are independent of the fusion-evaporation exit channel, 
i.e. at least 2p, 3p or 4p emission.
Figure 4.19: Segment configuration 
within an EXOGAM Clover detector. 
The following cases are illustrated: (a) 
only one segment fires (segment 0), 
(b) two segments fire within the same 
HPGe crystal due to Compton scatter­
ing (segments 4 and 7), (c) two seg­
ments fire (segment 12 and 8), but 
they are not neighbouring, thus they 
are treated as different events and (d) 
three segments fire within the same 
HPGe crystal (segments 11, 10 and 9).
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Figure 4.20: Gamma-ray spectra (1 kev/channel) in coincidence with at least two- 
proton emission when (a) one segment fires, (b) two segments fire within the same 
crystal, (c) three segments fire within the same crystal and (d) two non-neighbouring 
segments fire in two different crystals. In (a) there is still background at low energy. 
This can be understood from events that either hit one segment and escape or events 
that hit more than one segment, but only one fires due to the high energy threshold 
that some segments present. Spectrum (d) presents even more background at low 
energy which is consistent with the fact that in the case of two firing non-neighbouring 
segments in different crystals, there is a percentage of the events that correspond to 
scatterings of the 7 rays, but have not been identified as such.
73
Table 4.5: The peak-to-background (P/B) ratio, the peak-to-total (P /T) ratio and the 
FWHM measured for three different energies and three exit channels with (ON) or with­
out (OFF) the use of the “segment-hit pattern” . The P/B  values within parentheses 
represent a tentative calculation of the ratio due to limited statistics.
158 keV
Exit channel “Hit Pattern” P/B P /T FWHM (keV)
at least 2p OFF 1.9 0.24 3.6(2)
ON 2.3 0.28 3.6(2)
at least 3p OFF 2.3 0.32 3.1(2)
ON 2.9 0.33 3.2(3)
at least 4p OFF 2.5 0.47 2.6(5)
ON (4.3) 0.51 2.3(4)
326 keV
Exit channel “Hit Pattern” P/B P /T FWHM (keV)
at least 2p OFF 2.3 0.31 4.3(1)
ON 3.2 0.39 3.5(1)
at least 3p OFF 3.0 0.41 4.5(2)
ON 4.3 0.50 3.4(1)
at least 4p OFF 3.5 0.50 4.5(5)
ON (6.0) 0.58 3.8(4)
704 keV
Exit channel “Hit Pattern” P/B P /T FWHM (keV)
at least 2p OFF 1.4 0.18 7.6(8)
ON 1.7 0.25 5.8(5)
at least 3p OFF 1.8 0.26 7.2(9)
ON 2.1 0.35 5.3(6)
at least 4p OFF (3.0) 0.48 8.3(16)
ON (4.3) 0.58 6.7(12)
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Figure 4.21: Gamma-ray spectra (1 keV/channel) in coincidence with at least two- 
proton emission (a) without the “segment-hit pattern” and (b) using the information 
from the segments. There is an improvement in the peak-to-background and peak- 
to-total ratios and in the resolution. Moreover, the background radioactivity peaks 
visible in (a) disappear in (b) due to the selectivity in the events that the “segment-hit 
pattern” demands.
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Figure 4.22: Gamma-ray spectra (1 keV/channel) in coincidence with at least three- 
proton emission (a) without the “segment-hit pattern” and (b) using the information 
from the segments.
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Figure 4.23: Gamma-ray spectra (1 keV/channel) in coincidence with at least four- 
proton emission (a) without the “segment-hit pattern” and (b) using the information 
from the segments.
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4 .3 .5  Fusion-E vaporation  S p ectra
After improving the fusion-evaporation 7-ray spectra by applying all the gates and 
restrictions described in the previous sections, the 7  rays observed in this experiment 
are presented. These 7 rays correspond to the 3.4 x 105 fusion-evaporation events 
recorded during the experiment.
In Fig. 4.24 7 rays in coincidence with at least two protons detected by DIAMANT 
are shown. States in 130Nd up to spin 22+ , 131Pm up to spin 27/2- , 129Pr up to 
spin 35/2“ and 127Pr up to spin 27/2“ have been identified. In Fig. 4.25 7  rays in 
coincidence with at least one a  particle detected by DIAMANT are shown. States 
in 128Nd up to spin 16+ , 127Pr up to spin 35/2~ and 126Ce up to spin 6+ have been 
identified. These 7 rays are presented in more details in Tables 4.6 and 4.7.
Both spectra exhibit 7  rays that have not been identified as transitions depopulating 
the aforementioned isotopes. These 7 rays have been marked as unknown and since 
there is no recoil identification from VAMOS, they cannot be assigned to any nucleus.
Figure 4.24: Gamma-ray spectrum (1 keV/channel) in coincidence with at least two- 
proton emission using the “segment-hit pattern” . Known 7 rays have been marked for 
four exit channels, while two 7 rays do not correspond to any known transitions in the 
populated nuclei. These peaks are marked by a question mark (?).
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Figure 4.25: Gamma-ray spectrum (1 keV/channel) in coincidence with at least one 
cc-particle emission using the “segment-hit pattern”. Known 7 rays have been marked 
for three exit channels, while 7 rays that do not correspond to any known transitions 
in the populated nuclei have been marked by a question mark (?).
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Table 4.6: Gamma-ray transitions observed in coincidence with at least two-proton
emission in Fig. 4.24.
E1 (keV) Nucleus Evaporated Particles Transition
158.3(8) 130Nd 4p 2+ -» 0+
326.2(5) 130Nd 4p 4+ -> 2+
454.3(6) 130Nd 4p 6+ -> 4+
547.1(8) 130Nd 4p 8+ -> 6+
613.2(2) 130Nd 4p 10+ - > 8+
664.5(3) 130Nd 4p 12+ -► 10+
704.0(3) 13°Nd 4p 14+ 12+
744.6(3) 130Nd 4p 16+ - » 14+
809.2(4) 130Nd 4p 18+ - » 16+
896.7(10) 130Nd 4p 20+ - » 18+
991.1(10) 130Nd 4p 22+ -> 20+
886.8(8) 130Nd 4p (5-) 6+
443.5(3) 130Nd 4p 9(-) -  7(“ )
546.0(10) 130Nd 4p l l H  -  9(")
630.5(6) 130Nd 4p 13(~) -♦ 1 1 <-)
272.4(2) 131Pm 3p 15/2- -> 11/2-
406.9(2) 131Pm 3p 19/2- - » 15/2-
537.7(3) 131Pm 3p 23/2“ -» 19/2-
656.2(4) 131Pm 3p 27/2- -> 23/2-
237.1(3) 129pr 5p 15/2- -> 11/2-
415.4(7) 129pr 5p 19/2- -> 15/2-
560.3(8) 129pr 5p 23/2“ -» 19/2-
672.1(5) 129Pr 5p 27/2“ 23/2-
(751(1)) 129pr 5p (31/2- -* 27/2“ )
(810(1)) 129pr 5p (35/2- - > 31/2- )
236.0(10) 127Pr o:3p 15/2- -*■ 11/2-
389.3(3) 127Pr a3p 19/2- -> 15/2-
526.1(6) 127Pr o;3p 23/2“ -> 19/2-
636.0(6) 127Pr a3p 27/2“ -> 23/2“
203.4(4) ?
599.0(5) ?
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Table 4.7: Gamma-ray transitions observed in coincidence with at least one a-particle
emission in Fig. 4.25.
E1 (keV) Nucleus Evaporated Particles Transition
133.5(8) 12SNd a 2p 2+ ^ 0+
291.4(2) 128Nd a 2p 4+ -»■ 2+
423.6(4) 128Nd a 2p 6+ -»• 4+
529.5(8) 128Nd o:2p 8+ -» 6+
610.2(4) 128Nd a 2p 10+ - » 8+
670.1(9) 128Nd a 2p 12+ - » 10+
714.4(6) 128Nd a 2p 14+ 12+
764.0(10) 128Nd a 2p 16+ -> 14+
236.2(2) 127Pr a3p 15/2- -> 11/2-
389.1(2) I2 7 p r a3p 19/2- -» 15/2-
525.2(8) 127Pr a3p 23/2“ -» 19/2-
638.4(6) 127Pr a3p 27/2" -> 23 /2“
730.3(7) 127Pr a3p 31/2- - » 27/2"
808.9(7) 127Pr o:3p 35/2- - » 31/2-
349.8(4) 126 Ce a4p 4+ -> 2+
499.0(12) 126Ce a4p 6+ -> 4+
446.0(10) ?
578.0(10) ?
687.0(10) ?
843.0(10) ?
868.0(10) ?
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Figure 4.26: Reconstructed level schemes from 7-ray transitions observed in coincidence 
with at least two-proton emission in Fig. 4.24. These states in 130Nd, 131Pm and 129Pr 
were already known.
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Figure 4.27: Reconstructed level schemes from 7-ray transitions observed in coincidence 
with at least one a-particle emission in Fig. 4.25. These states in 128Nd, 127Pr and 126Ce 
were already known.
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4.3 .6  C ross-S ection  S en sitiv ity
Theoretical calculations using the ALICE code for the cross sections of the evapora­
tion channels have allowed an estimation of the relative cross-section sensitivity of the 
present experimental setup according to the observed channels. This sensitivity is cal­
culated by the theoretical cross section of the evaporated channels multiplied by the 
7-ray intensity of their weakest transition that is observed in the 7-ray spectrum. The 
results are shown in Table 4.8, where a sensitivity of the order of 4 mb is estimated.
76Kr + 58Ni ALICE
Figure 4.28: Predicted cross sections for residues of the 76Kr + 58Ni fusion-evaporation 
reaction using the ALICE code [67].
4 .4  D is c u s s io n
Nuclear structure studies have received a boost in the last few years with the advent 
of RIBs. However, a lot of progress has yet to be made in terms of radioactive beam 
development. In the case of fusion-evaporation reactions, the state-of-the-art detection 
systems that have been developed can pick up the exit channels of interest, but the 
intensity of the beams and the available species has to grow.
In the case of the 76Kr +  58Ni fusion-evaporation reaction, the strong 4p exit channel 
(130Nd) can be studied up to relatively high spin with the existing experimental setup. 
Moreover, transitions in the 3p, 5p and axp exit channels were observed. However, this 
region of nuclei has been studied before.
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Table 4.8: Relative cross-section (a ) sensitivity using the ALICE theoretical cross sec­
tions of the evaporated exit channels.
Observed Highest I7 of highest ALICE Relative a
Channels Spin observed transition a (mb) sensitivity (mb)
3p 'l l  Pm 27/2“ - 89 -
4p 13o°Nd 22+ 2.7% [68] 164 4
5p Xi P r 27/2- - 31 -
a 2p 128Nd 16+ 32% [69] 25 8
a:3p ^ P r 35/2- - 33 -
a4p 'I C e 6+ 92% [70] 7 6
If the strong exit channels of a certain combination of beam and target reaches a 
completely unknown region, new isotopes could be discovered and studied. For the Kr 
beams, if a lighter isotope was available at a reasonable intensity, i.e. 74Kr or 72Kr, 
a more exotic region would have been reached and many new nuclei could have been 
studied. A reaction that has been already proposed at TRIUMF [71], Canada, involves 
76,75Rb beams delivered from the new ISAC-II [72] facility. In the 75Rb +  58Ni fusion­
evaporation reaction, the strong 3p and 4p exit channels will lead to 130Sm and 129Pm, 
respectively, and in the 76Rb +  58Ni reaction the strong 3p and 4p exit channels will 
lead to 131 Sm and 130Pm.
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Chapter 5
Nuclear Levels in 
Proton-U nbound R elative  
Single-Particle Energies beyond  
the Proton Drip Line
Heavy nuclei with exotic values of neutron-proton ratios provide a fertile testing ground 
for nuclear models. For example, proton-rich nuclei in the A ~  110 region, illustrated 
in Fig. 5.1, close to the N =  Z =  50 double shell closure, are of great interest since 
valuable information on single-particle energies and residual interactions with respect 
to the presumed doubly magic 100Sn “core” can be extracted. In this regard, it is of 
paramount importance to follow single-particle energies systematically in nuclei ever 
closer to this doubly magic nucleus. As these nuclei approach the N =  Z line, protons 
and neutrons near the Fermi surface occupy similar orbitals and proton-neutron pairing 
may be evident. Another intriguing feature of this mass region is predicted octupole 
collectivity in nuclei close to N =  Z =  56 (112Ba) [73]. For this particle number, a 
deformed octupole shell gap occurs and both proton and neutron orbitals that differ 
by Aj  =  A£ = 3, namely /in /2 and d5/2 states, are at the nuclear Fermi surface. Such 
orbitals are required for enhanced octupole collectivity [74].
Gamma-ray transitions in the proton-unbound 1091 nucleus were first proposed in 
Ref. [8]. However, in subsequent work [9] discrepancies of the 7-ray transitions assigned 
to 109I were found. The present data, with a significant increase in the statistics over 
the previous experiments, has now allowed a resolution of the conflict and a new level 
scheme has been built for 109I.
5 .1  P r o to n  R a d io a c t iv ity
The proton drip line defines the limits of nuclear stability, confining nuclei that are 
energetically unstable to the emission of a proton from their ground states, i.e. nuclei 
lying beyond the proton drip line have a positive proton decay Q-value, Qp > 0. Apart
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N = Z
Figure 5.1: A ~  110 mass region. The highlighted-black isotopes correspond to nuclei 
with known excited states. The red line represents the experimental proton drip line.
from mapping the proton drip line, the so-called proton radioactivity is of great interest, 
since it constitutes a major spectroscopic tool for single-particle orbit identification 
of the emitted proton, as well as a testing ground for mass formulae models (from 
measurements of the separation energy of the proton).
Proton radioactivity is evident for high-Z nuclei, Z > 50, where the Coulomb barrier 
that the unbound proton has to penetrate, results in a measurable half-life for the decay. 
This half-life further depends on the orbital angular momentum l  of the emitted proton, 
since the centrifugal barrier affects the probability of the proton penetration. This is 
illustrated in Fig. 5.2, where the differences in the half-life depending on the suggested 
t  value of the proton are evident.
5.1.1 109I P ro to n  D ecay
The ground-state proton decay of 1091 was first observed by T. Faestermann et al. in 
1984 [76] and then further studied by P. J. Sellin et al. in 1993 [77]. Its proton energy 
is deduced at Ep =  813 ±  4 keV, its half-life at T i/2 =  100 ±  5 /as and its branching 
ratio is «  100%. In order to study the structure of 109I by performing in-beam 7- 
ray spectroscopy, its excited states can be identified using its well-known ground-state 
proton decay as a tag in a recoil-decay-tagging experiment.
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Figure 5.2: Potential between the proton and the daughter nucleus calculated for the 
proton decay of 167Ir. The calculated half-lives come from the WKB approximation. 
The figure is taken from Ref. [75].
5 .2  T h e  R e c o il-D e c a y -T a g g in g  T e c h n iq u e
In order to perform in-beam 7-ray spectroscopy on a nucleus produced via a heavy-ion 
induced fusion-evaporation reaction, one should employ a method for high selectivity 
on the exit channel of interest, since the prompt 7-ray spectrum is dominated by 
background 7 rays; i.e. 7 rays from reaction products (fission, transfer) and Coulomb 
excitation. One method to select the channel of interest involves the identification 
of the evaporated particles emitted from the compound-system. Another way is to 
identify and separate the fusion products. In heavy-ion fusion-evaporation reactions 
one can take advantage of the reaction kinematics. The evaporation residues fly into a 
small cone in the forward direction and they can be distinguished from the beam-like 
particles using for instance a recoil separator. The prompt 7 rays that correspond 
to pure fusion-evaporation channels can be identified by tagging on the recoils. This 
method is called the recoil-gating method.
The fusion-evaporation exit channels usually consist of more than one and if the
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nucleus of interest is not strongly populated, then the recoil-gating technique is not 
sensitive enough. A very powerful method to probe very weakly populated channels is 
based on the characteristic decay (proton or a  radioactivity) of the nucleus of interest 
and is called the recoil-decay-tagging (RDT) method [8, 78]. This technique combines 
the aforementioned recoil-gating method with the characteristic decay of the nucleus 
of interest.
5.2 .1  T h e R D T  T echnique in JY FL
The recoil-decay-tagging technique, as it has been implemented in JYFL, is schemati­
cally shown in Fig. 5.3. Prompt 7 rays are detected by the JUROGAM 7-ray spectrom­
eter. The reaction products and the unreacted beam then fly through RITU, where 
the beam is dumped in the dipole chamber. The recoils are finally implanted into the 
DSSD of the GREAT focal plane. Their subsequent decays are then detected and the 
implanted recoil can be uniquely identified. Prompt 7 rays are correlated with the 
identified recoils and assigned as transitions depopulating their excited states. In order 
to minimise the random correlations, the implantation of a recoil and its subsequent 
decay within a certain time window must take place within the same pixel of the DSSD.
In Fig. 5.4 the experimental setup used in JYFL for the RDT experiments is illus­
trated, while in Figs. 5.5 and 5.6 photographs of the JUROGAM array and the GREAT 
spectrometer are shown, respectively.
JU R O G A M
Figure 5.3: Schematic representation of the RDT technique as it is implemented in 
JYFL. Subsequent decays of the implanted recoils must occur within the same pixel of 
the DSSD, in order to minimise the random correlations.
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Figure 5.4: Visualisation of the experimental setup used in JYFL for the RDT experi­
ments: JUROGAM in conjunction with the RITU gas-filled separator and the GREAT 
focal plane. The pictures are taken from Ref. [79].
Figure 5.5: The JUROGAM array.
Figure 5.6: The GREAT focal plane.
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5 .3  E x p e r im e n ta l  D e ta i ls
The experiment was performed at the Accelerator Laboratory of the University of 
Jyvaskyla (JYFL), Finland. A 54Fe10+ beam, delivered by the K130 Cyclotron of the 
laboratory at a near barrier energy of 195 MeV, was used to bombard a ~  1 mg/cm2 
self-supporting foil of isotopically enriched (99.8%) 58Ni. A ~  50 /tg/cm2 carbon charge 
reset foil was mounted directly downstream of the target.
States in 109I were populated using the 58Ni(54Fe, p2ny) fusion-evaporation reaction. 
The irradiation time was around five days and the beam intensity of the order of 
5 pnA. In beam 7-ray spectroscopy employing the Recoil-proton-Decay-Tagging method 
was performed to study the nucleus of interest. The experimental setup consisted of 
the JUROGAM 7-ray spectrometer coupled together with the RITU in-flight recoil 
separator and the GREAT focal-plane spectrometer combined with the Total Data 
Readout (TDR) acquisition system.
This experiment used an almost-symmetric reaction, which in the past had caused 
problems for beam/recoil discrimination in the RITU spectrometer. However, several 
improvements recently implemented in RITU, i.e. redesign of the dipole chamber and 
beam dump of the separator for better suppression of the beam particles, in conjunction 
with energy loss and time-of-flight information from the GREAT MWPC and DSSD, 
resulted in the first observation of 7 rays in 106>107Te [80, 81]. These nuclei were 
produced in the exactly symmetric 54Fe +  54Fe and nearly symmetric 52Cr +  58Ni 
reactions, respectively, with production cross sections as low as 25 nb for 106Te.
5.3 .1  E nergy C alibration  o f JU R O G A M  G e D etectors
In order to gain match and calibrate the 43 Ge detectors of the JUROGAM array a 
EuBa source (152Eu and 133Ba source) is used. The ADC of the Ge crystals has a non­
linear response for low energies1 and that imposes the need for an additional correction. 
Hence, the gain-matched/calibrated energy for each crystal is given by the following 
equation
E  — A\ +  A 2 X +  A 3 X2 — A^e AsX sin(A62; +  A?), (5.1)
where x is the channel number. The coefficients Ai, A 2, A3 are obtained by fitting a 
quadratic function for higher energies, where the ADC responds linearly, and the coef­
ficients A 4 , A5, A q and A - j are obtained from a damped sine function that compensates 
for the non-linearity of the ADC.
In order to check the stability of the amplifiers of JUROGAM’s Ge crystals, and 
thus the stability of the calibration, a matrix of the energy spectrum versus the events
1 The JU RO GAM  array was set to 3 MeV full range. For a 16k spectrum (16384 channels) the first 
~  1500 respond non-linearly, i.e. up until ~  274 keV.
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is created for each crystal. For all the cases where the Ge crystals present drift during 
the experiment (Fig. 5.8) there are two solutions, either change the calibration of the 
crystal for specific parts of the experiment, given that the gain is changed but presents 
a stability, or remove the detector from the off-line analysis where appropriate. In 
order to change the gain-match coefficients of a detector when there is a shift during 
the experiment, the in-beam 7-ray spectrum is used instead of the source spectrum, 
given that there has not been any Doppler correction and that the spectrum that is 
used as a reference for the calibration of the shifted crystal comes from the same ring 
(same 0 angle).
Event Number
Figure 5.7: Specific 7-ray energy peaks versus the event number during the experiment. 
Any deviation from a straight line suggests drifts in the germanium crystals. This 
matrix shows a stable Ge detector throughout the experiment.
5 .3 .2  E nergy C alibration  o f Si Strip  D etectors
In order to gain match the Si strips an a  source is used, which consists of three different 
a  emitters, 239Pu, 241 Am and 244Cm, giving a. particles with an energy range between 
5 and 6 MeV. Because of the energy loss that the a particles suffer in the dead layers 
of the detector, the 3-a source provides an accurate gain matching for all the Si strips, 
but does not calibrate them energywise. In order to have an energy calibration for the 
Si strips, one needs to use peaks from activities produced in the irradiation and thus 
perform an internal calibration. Four possible peaks that could be used for internal 
calibration in this experiment correspond to the a decays of 109Te (3107 keV), 108Te
92
Event Number
Figure 5.8: Energy spectrum of a particular Ge detector of JUROGAM versus the 
event number. A shift in the energy is observed which is compensated by turning the 
detector off in the off-line analysis for the events where the shift occurs.
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(3317 keV), 110I (3444 keV) and 107Te (3863 keV).
However, the completion of the internal calibration suffered from the low production 
cross section of these isotopes, introducing large errors to the procedure due to the low 
statistics within the peaks. Moreover, the fact that the energy of these a  decays is 
more than 2-3 MeV higher than the proton-decay energy of 109I suggests that even if 
the internal calibration provides a precise calibration for all the a  decays in that energy 
region, that does not guarantee a good energy calibration for lower energies. Finally, 
the low energy of the proton decay (~  800 keV) falls very close to the non-linear part 
of the ADC, which induces yet more uncertainty to the calibration procedure.
Since the proton energy is needed only for tagging, in combination with the fact 
that the a  spectrum presents almost no background within the decay time o f 1091 (there 
is not another decay in the energy region of 109I within its time window), one can adjust 
the gain coefficient manually so that the proton energy is 813 keV. This fine tuning 
makes tagging easier.
5 .3 .3  R ecoil Identification
As mentioned in Section 3.16, the stored data from the TDR acquisition system have 
satisfied a software trigger, but they still need to be correlated off-line. In order to 
achieve this the data must satisfy another software trigger that will create the events 
to be analysed. The software Event Builder in this experiment used the “OR(DSSD)” 
trigger, which sets the event time to zero when there is any signal from the DSSD at 
the focal plane, as shown in Fig. 5.9.
lgs
Any Event 
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Figure 5.9: Event reconstruction from stored data using the TDR acquisition system 
and the “OR(DSSD)” trigger. For this experiment an event is triggered from any DSSD 
signal (t =  0) and consists of everything stored within 1 fj,s before and after it.
In the DSSD both scattered and unreacted beam, as well as the recoils are im­
planted. Moreover, the subsequent decays from the recoils also trigger the Si strip 
detectors. In order to distinguish between all these events the MWPC and the time- 
of-flight between the MWPC and the DSSD will be employed.
The events in anti-coincidence with the MWPC signal are characterised as de-
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cays. In order to distinguish between the recoils and the beam-like particles, a two­
dimensional (2D) plot of the energy loss in the MWPC versus the time-of-flight between 
the MWPC and the DSSD is created and a 2D gate is set where the recoils are ex­
pected, as illustrated in Fig. 5.10. By identifying the recoils and correlating them with 
prompt 7 rays detected by JUROGAM, one obtains a 7-ray spectrum that includes 
transitions de-exciting all the populated fusion-evaporation channels from the reaction 
(Fig. 5.18(a) of Section 5.4, see later).
Figure 5.10: Two-dimensional (2D) plot of the energy loss in the MWPC and the time- 
of-flight between the MWPC and the DSSD. There is a good separation between the 
recoils and the beam-like particles and the 2D gate set on the recoils can be seen.
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5 .3 .4  P ro ton  T agging
In order to select the nucleus of interest, its characteristic decay will be used. Searching 
for subsequent decays (events in anti-coincidence with the MWPC) of the recoils within 
the same pixel of the DSSD and within a time window that corresponds to «  3 x 
of the decay, one can pick up the channel of interest.
In the case of 109I, with known proton-decay half-life of ~  100 /is and energy of 
Ep =  813 keV, the search time window between a recoil implantation and its subsequent 
decay within the same pixel was set to 300 /is, while the energy window for these events 
was set to less than 1 MeV. The energy spectrum of the DSSD after satisfying the above 
mentioned conditions can be seen in Fig. 5.18(c) of Section 5.4.
In order to verify that the peak lying at ~  815 keV corresponds to the 1091 proton 
decay, its half-life has been measured at T j /2 =  92 ±  1 /is (Fig. 5.11), validating that 
the proton decay corresponds to the ground-state proton decay of 1091 and giving a 
more accurate value over the previous measurements.
Figure 5.11: Exponential fit assuming constant background. In red and blue the previ­
ous half-lives of 107 and 100 /is have been drawn respectively, assuming same constants 
from the fit. The T ^  =  92 ±  1 /is curve in black fits the data best.
The 109I proton-decay peak has been now fully identified, while the big bump at 
lower energies correspond to the ¡3 particles produced from the 0 decay of the other exit 
channels. By tagging on the identified 109I proton decay, the prompt 7  rays correlated 
with its recoil implantation correspond to transitions depopulating 109I (Figs. 5.18(b) 
and 5.19 of Section 5.4).
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The 7 rays of interest, detected by the JUROGAM array, have been emitted by the 
recoiling nuclei and are thus Doppler shifted. In order to compensate for this shift the 
recoiling velocity ¡3 = v /c  has to be found and the Doppler correction formula (Eq. 3.9) 
has to be applied. The reaction kinematics of the fusion-evaporation channels permit 
the use of the angle of each detector with respect to the beam axis as the 9 angle of 
Eq. 3.9. The ¡3 value was deduced experimentally by using the six different rings of 
detectors of the JUROGAM array (Table 3.2). Before any Doppler correction has been 
applied, the measured 7-ray energy (Edet) of a specific peak is different for each ring of 
JUROGAM (Fig. 5.12) depending on the angle 9 of the ring as follows
E'i =  E fe tlQ  -  /3cos9) => Edet =  ^  _  p cos Qj ■ (5-2)
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Figure 5.12: Singles 7-ray spectrum tagged on 109I proton decay for each ring (constant 
9) in the JUROGAM array.
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According to Eq. 5.2, if one plots the measured 7-ray energy of, preferably, the strong 
594 keV in each ring versus the cos 9 of the ring, the ¡3 value can be obtained by fitting 
to these points the function
E7
7(1 -/?® )'
(5.3)
Following the aforementioned procedure, the ¡3 value of the 109I recoils has been deter­
mined as ¡3 = 0.036 from the fit of Fig. 5.13.
Figure 5.13: Fit to obtain the ¡3 value of the 109I recoils, by plotting the energy of a 7 
ray versus the cosine of the angle of the detectors with respect to the beam axis.
5 .3 .6  JU R O G A M  T im e G ates
The prompt 7 rays that are correlated with a recoil implantation are separated from 
the background radiation at the target position by restricting the Ge time. Plotting 
the Ge response as a function of time (Fig. 5.14), the dominant peak at ¡=s —500 ns 
corresponds to 7 rays from nuclear reactions. The time difference between this peak 
and the recoil implantation, which sets the time to zero according to the “(OR)DSSD” 
gate, corresponds to the time-of-flight of the recoils through RITU.
Due to the different time response of each Ge detector (Fig. 5.15), separate gates 
of the order of 140 ns have been used for each crystal. In order to further suppress any 
background from the subsequent 7-ray analysis, a constraint in the 7  — 7 coincidence 
time has been set (Fig. 5.16) at 80 ns. The 7 — 7  coincidence time of Fig. 5.16 has 
already met the time gates mentioned above.
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Time (10ns)
Figure 5.14: Time response of the Ge crystals of JUROGAM. The negative values of 
the time-axis is due to the fact that prompt 7 rays are detected earlier in time due to 
the trigger condition “(OR)DSSD”, which sets the time of a DSSD signal to zero.
In order to verify the stability of the time gates, a matrix of the time spectrum 
of each JUROGAM detector versus the event number throughout the experiment has 
been plotted, as illustrated in Fig. 5.17. A small change in the time-of-flight of the 
recoils through RITU has been identified from this plot and an adjustment to the time 
gates has been made accordingly. The change in the time-of-flight is due to a small 
change of the He gas pressure.
JUROGAM Ge 29
JUROGAM Ge 2
Figure 5.15: Two representative spectra pointing out the fine difference in the time 
response of the Ge crystals of JUROGAM. The shaded area defines the applied gates 
of ~  140 ns.
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Figure 5.16: Time difference between Ge crystals in 7 — 7 coincidence events. An 
additional time constraint has been applied for further background subtraction to a 
7 — 7 coincidence of 80 ns.
Event Number
Figure 5.17: Time response of a JUROGAM Ge detector versus the event number. A 
fine shift downwards is observed corresponding to the refilling of the He gas in RITU. 
A slight change in the He pressure results in the different time-of-flight through RITU 
of the order of 20 ns.
101
5 .4  R e s u lt s
From a total of approximately 1.4 x 105 protons assigned to the ground-state decay 
of 109I, only 5 x 104 were correlated with a JUROGAM event. Gamma rays from the 
proton-correlated events are shown in Figs. 5.18(b) and 5.19.
The production cross section for 109I is estimated experimentally to be ~  10 ¡j,b. 
Theoretically using the ALICE code a cross section of ~  40 fib was expected, as shown 
in Fig. 5.20. Although the value of the production cross section of 109I is not precisely 
reproduced, this calculation gives a good estimate of the strength of this exit channel 
compared to the other exit channels.
Prompt coincident 7 rays correlated with the 109I proton radioactivity were sorted 
into a symmetric 7 — 7 matrix in order to build a level scheme. The level scheme 
for 109I, deduced from 7 — 7 coincidence relationships and 7 — 7 coincident intensities 
[82, 83], is shown in Fig. 5.21, where three band structures are labelled. Gamma rays in 
coincidence with the strong 594 keV transition (see Figs. 5.18(b) and 5.19) are shown 
in Fig. 5.22(a), while 7 rays in coincidence with the 548 keV and 1056 keV transitions 
are shown in Figs. 5.22(b) and (c), respectively.
Properties of the 7-ray transitions assigned to 1091 are listed in Table 5.1, including 
several which have not been placed in the level scheme of Fig. 5.21. Excess intensity in 
the singles over the 7 — 7 coincidences of the 538 and 644 keV transitions may suggest 
that they are doublet transitions. Their nature, however, cannot be ascertained due to 
limited 7 — 7 statistics, i.e. are these transitions self-coincident doublets?
It was possible to produce 1-dimensional proton-correlated 7-ray spectra corre­
sponding to rings of JUROGAM detectors at constant angle 6 with respect to the 
beam axis. Relative intensities of transitions in these spectra allowed discrimination 
between quadrupole and dipole character. An angular-intensity ratio, R, defined as
/ 7(0 =  157.6°, 133.6°)
“  / 7(0 =  94.2°, 85.8°)
has been extracted for the stronger transitions placed in the level scheme of 109I, as 
listed in Table 5.1. The results have been normalised to R  = 1.0 for the strong 594 keV 
transition. Assuming that this transition is of stretched quadrupole (E2) character, 7 
rays of pure stretched dipole character are then predicted [84] to have R  & 0.65, such 
as the 1056 keV transition linking Band 3 to Band 1. However, values of R  «  1.0 are 
also expected for pure non-stretched A / =  0 (E l) transitions; such an assignment is 
made to the 548 keV transition linking Band 2 to Band 1, in analogy to similar results 
found for the U1I isotope [85, 86].
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Figure 5.18: (a) Prompt 7-ray spectrum (1 keV/channel) correlated with any recoil 
detected at the focal plane of RITU. Peaks marked with filled circles are strong transi­
tions in the dominant exit channel, 109Sb. (b) Prompt 7-ray spectrum (1 keV/channel) 
correlated with the ground-state proton decay of 109I. (c) The decay-energy spectrum 
recorded by the DSSD for a 300 /us correlation time between a recoil implantation 
and its subsequent decay. The strong peak in the decay spectrum corresponds to the 
813 keV ground-state proton decay of 109I, while the tail on the left consists of escaped 
protons and ¡3 particles. The dotted lines define the energy gate in the time correlated 
decay spectrum for which the prompt 7 rays in JUROGAM have been assigned as 
transitions in 109I.
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Figure 5.19: Same as Fig. 5.18(b) but with an expanded energy axis and with the 
assigned 109I transitions labelled by their energies.
54Fe + 58Ni ALICE
Beam energy (MeV)
Figure 5.20: Predicted cross sections for residues of the 54Fe +  58Ni fusion-evaporation 
reaction using the ALICE code [67].
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Figure 5.21: Level scheme deduced for 109I. Level and transition energies are labelled 
in keV, while the widths of the arrows are proportional to the relative 7 — 7 coincident 
transition intensities. The level energies are given relative to the lowest (7/2+ ) state, 
which is probably not the ground state. The tentative spin-parity assignments are 
discussed in the text.
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Figure 5.22: Gamma-ray spectra (1 keV/channel) without background subtraction 
showing transitions in coincidence with (a) the 594 keV transition, (b) the 548 keV 
transition, and (c) the 1056 keV transition of 109I. The transitions labelled with their 
energies are shown in the level scheme.
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Table 5.1: Properties of 7-ray transitions assigned to 109I. Not all transitions could be 
placed in the level scheme of Fig. 5.21. The relative intensities and angular-intensity 
ratio R  were extracted from proton-correlated singles spectra. The marked transitions 
by a star are possible doublets.
E 7 (keV) 17 (%) R Multipolarity Assignment Band
368.1(3) < 5 (15/2- -  15/2+ ) 2 -» 1
496.6(2) 20(1 ) 1 .2(2) E2 (17/2- -+ 13/2-) 3
537.8(2)* 27(1) 1 .0(1 ) E2 (15/2- -  1 1 / 2- ) 2
548.2(2) 23(1) 1 .0(1 ) E l, A I  = 0 (1 1 / 2- -  1 1 / 2+) 2 -» 1
593.9(2) =  100(3) =  1 .0(1 ) E2 (1 1 / 2+ -  7/2+) 1
603.8(2) 17(1)
643.7(2)* 33(2) 1 .2(2) E2 (21/ 2- -  17/2-) 3
666.1 (2) 23(1) 1 .1 (1 ) E2 (19/2- -+ 15/2-) 2
708.2(3) 10(1 )
718.1(2) 49(2) 1 .1 (1 ) E2 (15/2+ -  1 1 / 2+) 1
729.2(3) 13(2)
737.7(3) 17(1) 1 .2(2) E2 (23/2- -  19/2-) 2
760.0(4) 7(1)
819.5(4) 15(1)
837.4(3) 23(1)
860.2(5) 6(1 )
881.7(3) 23(1) 1 .2(2) E2 (19/2+ -> 15/2+) 1
918.9(4) 10(1 ) 1
938.4(4) 1 1 (1 )
952.8(5) 6(1 )
1056.4(4) 29(2) 0.7(1) E l (13/2- -  1 1 / 2+) 3 -> 1
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5 .5  D is c u s s io n
In order to interpret the band structures in 109I and justify the present spin/parity 
assignments, the present level scheme is compared to those of other odd-A iodine iso­
topes. In addition, cranking calculations are used to strengthen the proposed band 
structures.
5.5 .1  S ystem atics  o f O dd-A  Iod ine Iso top es
Energy systematics of the 7rhn /2 bands in odd-A iodine isotopes [6] are shown in 
Fig. 5.23, including the proposed 109I levels, where it is assumed that Band 2 of Fig. 5.21 
represents the corresponding Trhnj2 band. Also shown in the lower part are the relative 
energies of low-lying 7/2+ and 5/2+ states. The 5/2+ states are derived predominantly 
from the odd proton occupying the 2ird.$/2 orbital and form the ground state of odd-A 
iodine isotopes with 111 < A < 127. However, for A > 129 the ground state is based 
on a 7/2+ state derived predominantly from the l 7rg7/2 orbital. Maximum quadrupole 
deformation is achieved in the odd-A iodine isotopes for N =  64, 66, namely 117»119i5 
which lie midway between the N =  50 and N =  82 shell closures. Low-lying 11/2“ 
states, derived from the first ithn /2 intruder orbital, are found in these isotopes. Moving 
away from the mid-shell, the relative energy of the tth n /2 orbital is seen to increase, 
reflecting a decrease in quadrupole deformation. In addition, the relative energy of 
the 5/2+ (7rd5/2) and 7/2+ {irg7/2) states decreases for isotopes moving away from the 
mid-shell. Indeed for the heavy odd-A iodine isotopes above 127I (N > 76), the 7/2+ 
state becomes the ground state. The relative energy of the 5/2+ and 7/2+ states again 
decreases as neutrons are removed, and the systematics of Fig. 5.23 suggest that the 
5/2+ and 7/2+ states in 109I must lie very close in energy, and could even be inverted 
such that the 7/2+ state becomes the ground state, analogous to 129I.
It is proposed that Band 1 in 109I is associated with a irg-j/2 orbital weakly coupled 
to the core (supported by cranking calculations discussed in Section 5.5.2 below), while 
Band 2 is based on a similar structure involving a 7rhn /2 intruder orbital. Indeed, 
the excitation energy of the bandhead of Band 2 fits well into the systematics (see 
Fig. 5.23). Moreover, the ratio of the energies of the second and first excited states of 
Band 2 fits well into the systematics of nuclei in this neutron-deficient region. Such 
systematics are shown in Fig. 5.24 for the ratio (E2 — Eq)/{E \ — E q) in 52Te, 53I, 
54Xe, and 55CS isotopes; the data are taken from Ref. [6]. For the even-even isotopes 
of tellurium and xenon, E0 corresponds to the energy of the 0+ ground state (= 0), 
Ei to the energy of the first excited state (2+), and E 2 to the second excited state 
(4+). For the odd-A iodine and caesium isotopes, the analogous energies E 0, E \, and 
E 2 correspond to the energies of the 11/2“ , 15/2“ , and 19/2 ' states, respectively, of 
bands built on a decoupled 7r/in /2 proton orbital. The ratio obtained for the N =  56
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Figure 5.23: Systematics of bands built on the Trhn/2 orbital in odd-A iodine isotopes. 
The energies of low-lying 5/2+ (thin blue line) and 7/2+ (thick red line) states relative 
to the 11/2“ states are also shown. The 5/2+ state forms the ground state for odd-A 
iodine isotopes with 111 < A < 127, while the 7/2+ state becomes the ground state for 
A > 129.
Te, I, and Xe isotones is systematically lower than the ratio obtained for the N = 58 
isotones.
Another interesting fact is that the 15/2“ —> 11/2” and 19/2“ —> 15/2” transitions 
in 109I are lower in energy than the corresponding transitions in U1I (see Fig. 5.23). 
This may suggest that 109I possesses a larger quadrupole deformation than expected 
when approaching the N =  50 shell closure. Indeed similar conclusions have been drawn 
for the 110Xe [7] and 112Xe [87] isotopes.
The lowest state of Fig. 5.21 is assigned 7/2+ It is not clear whether this
represents the ground state of 1091 or not, given the expected closeness of 5/2+ and 
7/2+ levels from systematics. The nature of the ground state of 109I can, however, be 
inferred from the properties of the proton radioactivity, namely the Q-value and mean 
lifetime of the decay; both are sensitive to the l  value (orbital angular momentum) of 
the decaying state, i.e. is the ground state of 109I based on an i  =  2 ((¿5/2) or i  — 4 
(97/2) orbital? Recent theoretical work [88, 89, 90, 91] on (axial) deformed proton 
emitters supports i  =  2 for the level from which the proton escapes, and hence 5/2+
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Figure 5.24: Energy-ratio systematics of the first three states in the ground-state bands 
of even-A Te and Xe isotopes, and the 7r/i:1/2 bands of odd-A I and Cs isotopes.
for the ground state of 109I. It was not possible to observe any 7 ray decaying from the 
7/2+ state of Fig. 5.21 into the presumed 5/2+ ground state, which is consistent with 
the expected closeness of these two levels. Furthermore, no band structure associated 
with the 5/2+ state could be identified due to limited 7 — 7 statistics.
5 .5 .2  W ood s-S axon  C ranking C alcu lations for 109I
Deformation self-consistent cranking calculations based on the total-Routhian surface 
(TRS) formalism [27, 74, 92], employing a triaxial Woods-Saxon single-particle poten­
tial [93, 94], have been performed for various (multi)-quasiparticle configurations in 
1091 ; some results are shown in Fig. 5.25. Single-quasiparticle levels have also been 
calculated as a function of rotational frequency u. In all of these calculations, the 
pairing strength has been calculated at zero frequency and is modelled to decrease with 
increasing rotational frequency, such that it has fallen by 50% of its initial value at uj 
=  0.70 MeV/fi, as detailed in Ref. [27]. The labelling of orbitals adopted in this thesis 
is shown in Table 5.2.
Average deformations, calculated at a rotational frequency 0.325 MeV/ft, are listed 
in Table 5.3 for the lowest 1- and 3-quasiparticle configurations. Moderate quadrupole 
deformation, /32 =  0.143 -  0.183, with some degree of triaxiality 7 =  9° — 21°, is found. 
It is also evident that the occupation of proton and/or neutron hn /2 intruder orbitals 
tends to increase the quadrupole deformation /32 -
110
Figure 5.25: TRS surfaces calculated for various 1- and 3-quasiparticle configurations 
in 109I at a rotational frequency of 0.325 MeV/fi. The energy contours are separated 
by 250 keV.
Bands 1 and 2
Single-quasiparticle levels for both protons and neutrons are plotted in Fig. 5.26 as a 
function of rotational frequency, using the average TRS deformation and pairing pa­
rameters appropriate for the B proton configuration (predominantly ng7/2) of Table 5.3. 
It can be seen that the B orbital, with signature a  =  —1/2, lies lowest in energy up 
to w «  0.35 MeV/7i; hence this orbital is associated with Band 1 of Fig. 5.21. Band 
2 is then formed by a quasiparticle excitation from the B orbital into the E (7t/i11/2) 
intruder orbital.
In order to corroborate these assignments, experimental alignments, ix , and routhi- 
ans, e', [23] are shown in Fig. 5.27 as a function of rotational frequency. These quantities 
were extracted using a variable moment-of-inertia reference with Harris parameters [26] 
Jo = 2.7 fr2MeV- 1  and J \  =  70 fi4MeV-3 extracted from Band 1. Clearly 109I is not 
a good rotor, which is to be expected given the low predicted quadrupole deformation 
parameters of Table 5.3. Nevertheless, the average experimental alignments of Band 1 
(ix ~  2.5h) and Band 2 (ix ~  5.5h) are consistent with those expected for the theo-
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Table 5.2: Labelling of single-quasiparticle orbitals adopted in this thesis.
Protons Neutrons
(Parity, Signature) Label Dominant Label Dominant
shell-model state shell-model state
(+, +1/2) A 97/2 a 97/2
(+, - 1 / 2) B 97/2 b 97/2
(-, - 1 / 2) E hu/2 e f t l /2
h  + 1 / 2) F h\i/2 f f t l /2
Table 5.3: Average TRS deformations calculated for various configurations in 109
Configuration (Parity, Signature) f t f t 7
B (+. - 1 / 2) 0.143 0.040 10°
E (-. - 1 / 2) 0.165 0.042 9°
Eef (- - 1 / 2) 0.183 0.042 12°
BEF (+, - 1 / 2) 0.162 0.042 12°
Bef (+. - 1 / 2) 0.165 0.042 15°
Beb (- + 1 / 2) 0.154 0.042 20°
Eeb (+. + 1 / 2) 0.165 0.042 21°
retical B (7r<?7/2) and E (7rhn /2) orbitals of Fig. 5.26(a), as shown in Fig. 5.27(a); the 
theoretical alignment is simply related to the slope of the quasiparticle trajectories, i.e. 
ix — —de'/duo.
It can be seen in Fig. 5.26(a) that two positive-parity proton orbitals are near­
degenerate at lj =  0. These orbitals are derived from predominantly 7rg7/2 and ttd5/2 
states, respectively. The present Woods-Saxon calculations predict that, at zero fre­
quency, these states lie very close in energy, of the order of only a few 10 keV apart. 
The lower-lying 5/2+ state has appreciable 1 = 2 components, while the 7/2+ state is 
dominated by l  =  4 components. Slight changes in quadrupole deformation, especially 
triaxiality, can, however, invert the ordering of the 5/2+ and 7/2+ states in 109I. Since 
the characteristics of the proton radioactivity of 109I favour emission from an £ = 2 
state, a 5/2+ assignment is expected for the 109I ground state. However, this ground 
state must lie very close to the 7/2+ state of Fig. 5.21.
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Figure 5.26: Representative single-quasiparticle positive-parity (red) and negative- 
parity (blue) proton (a) and neutron (b) levels calculated with a cranked Woods-Saxon 
potential with deformation parameters 02 =  0.143, ¡3^  =  0.040, 7 =  10°, and pairing 
parameters A n = 0.68 MeV, A„ =  1.10 MeV. The parity and signature (7r, a) of the 
levels are: (+, + 1 / 2) -  solid lines; (+, - 1 / 2) -  dotted lines; (-, - 1 / 2) -  dashed lines; 
(-, + 1 / 2) -  dot-dashed lines.
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Figure 5.27: Experimental alignments (a) and routhians (b) of the bands in 109I. The 
dashed lines show the theoretically deduced alignment of Bands 1 and 2 from the slope 
of their related quasiparticle trajectory.
Band 3
The experimental alignment of Band 3 in Fig. 5.27(a) is seen to be ~  1 h higher than 
Band 2 and is consequently too high to correspond to a pure single-quasiparticle config­
uration. The TRS calculations of Fig. 5.25 suggest that 3-quasiparticle configurations 
become important for frequencies u  ~  0.325 MeV/ft. In particular, the Beb configu­
ration, of predominantly 7r<77/2 <8> ^(^ 11/2.97/2) character, is predicted to be the lowest 
3-quasiparticle configuration in energy. Hence this negative-parity structure could be 
a candidate for Band 3 and indeed has the appropriate a = +1/2 signature required 
for the 77r=(13/2_ ) bandhead assignment. However, the theoretical alignment of this 
3-quasiparticle configuration, obtained from the slopes of the B, e, and b orbitals of 
Fig. 5.26, is much higher (ix ~  9.577) than the experimental value of Fig. 5.27(a)
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(ix ~  6.5h). In addition, the experimental routhian (excitation energy in the rotating 
frame) of Band 3 in Fig. 5.27(b) is too low for a 3-quasiparticle structure. Furthermore, 
no 3-quasiparticle configurations have been identified in any odd-A iodine isotopes at 
such low spin and excitation energy.
An alternative interpretation is therefore warranted for Band 3. The core nuclei 
(even Te isotopes) of the odd-A iodine isotopes are well known to exhibit quadrupole 
vibrational collectivity [80], i.e. a 2+ phonon. Furthermore, nuclei of this mass region 
close to N =  Z =  56 exhibit octupole collectivity (3~ phonon). Indeed, octupole 
collectivity has been discussed in 108Te [95], the core of 109I, in addition to several 
other light 52Te and 54Xe isotopes; see [96] and references therein. Coupling of single­
particle states to vibrational phonons, both quadrupole and octupole, has also been 
discussed in the case of odd-A 53I isotopes [97]. Octupole collectivity has also been 
recently discussed in 1111 [86].
In the even Te isotopes, the 4+ state occurs at approximately twice the energy of the 
2+ state, i.e. these nuclei appear vibrational and the 2+ and 4+ states correspond to 
one and two quadrupole-vibrational phonons, respectively. The neutron-deficient even 
Te isotopes also exhibit low-lying negative-parity sidebands that decay to the ground- 
state bands via strong E l  transitions. This has been taken as evidence for octupole 
collectivity in these nuclei, whereby an octupole-vibrational phonon (3~) mixes with 
negative-parity 2-quasiparticle configurations. The pure 1-phonon 3_ state is difficult 
to observe, especially in the very light even Te isotopes due to the difficulty in producing 
these exotic nuclei. However, the corresponding 3“ state has recently been identified 
in 114Xe using the exceptional sensitivity of the EUROBALL spectrometer including 
the observation of an E3 transition decaying directly to the ground state [98]. A 3“ 
state has also been proposed in 112Xe [87]. Systematics suggest that the 1 -phonon 3~ 
state should exist at an excitation energy ~  1.6 MeV. In odd-A nuclei, it is possible to 
couple the odd particle to the collectivity of the core. In regard to octupole collectivity, 
such features are well established in the heavy Rn-Ra-Th (mass 220) region [99, 100].
An intriguing possibility is that Band 3 in 1091 represents a similar coupling of the 
odd proton, residing in a Trg7/2 orbital, to a collective octupole-vibrational phonon of 
the 108Te core. With the odd proton in this orbital, both proton and neutron hn /2 
and d5j2 orbitals, with Aj  = A£ =  3, are available to induce the octupole collectivity. 
The coupling of a 3“ octupole-vibrational phonon to a ng7/2 orbital yields spin and 
parity I n =  13/2“ , consistent with the present bandhead assignment of Band 3. The 
relative excitation energy of Bands 1 and 3 of 1.65 MeV represents the excitation 
energy of the phonon and this value is consistent with the excitation energy expected 
from systematics. The octupole-vibrational phonon should generate an alignment of 
3h [99]. The alignment plot of Fig. 5.27(a) indeed shows that the alignment of Band 3 
(7r57/2 <8> 3~) is 3 — 4ft higher than Band 1 (ng7/2).
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5.6  C onclu sion
A new level scheme has been constructed for the proton-unbound nucleus 109I following 
a recoil-decay-tagging experiment using the JUROGAM and GREAT spectrometers. 
It has been possible to extend relative proton single-particle energies, namely 717/7/2 and 
71-/111/2 states, to the extremes of isospin close to the N = Z = 5 0  nucleus 1 0 0Sn.
The previously proposed level schemes [8, 9 ] for 109I and that deduced from the 
present experiment are illustrated in Fig. 5 .2 8 . The 7-ray energies assigned as transi­
tions depopulating 1 0 9 1 from the present experiment (see Table 5 .1 ) are in agreement 
with the 7-ray transitions deduced in Ref. [9 ]. However, the level ordering is different 
and more 7 rays have been assigned to this proton-unbound nucleus. Moreover, a more 
extensive, though still tentative, spin assignment has been attempted in the present 
experiment.
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Figure 5 .2 8 : The previously proposed level schemes for 109I (by Paul and Yu) and its 
level scheme deduced from the present experiment (by Petri).
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Chapter 6
Conclusions
Results from two fusion-evaporation reaction experiments have been documented in 
this thesis. The aim of both experiments was the 7-ray spectroscopic investigation of 
very proton-rich nuclei in the A ~  130 and A ~  110 mass regions; however, a completely 
different approach was used in each region. The A ~  130 mass region was studied with 
a radioactive-ion beam, while for the A ~  110 mass region a stable-ion beam was used.
The radioactive-ion beam experiment had the goal to investigate the A ~  130 
mass region around the drip-line nucleus 130Sm, where large quadrupole ground-state 
deformations are expected. In order to reach such an exotic region in the nuclear chart, 
a 76Kr RIB from the SPIRAL facility at GANIL was used to bombard a 58Ni target, 
while the experimental setup consisted of the EXOGAM 7-ray spectrometer coupled 
for the first time with both the DIAMANT charged-particle array and the VAMOS 
spectrometer. High-spin states in the 130Nd (22+), 129Pr (27/2- ), 127Pr (35/2~), 128Nd 
(16+), 131Pm (27/2_ ) and 126Ce (6+) nuclides have been observed.
The use of RIBs opens a whole new area of exotic nuclei which has not been studied 
yet. However, the induced background of the beam in combination with its low intensity 
imposes many experimental challenges. As manifest in this thesis, the EXOGAM 7- 
ray spectrometer in conjunction with ancillary detectors is a state-of-the-art tool for 
probing very exotic nuclei that are populated with RIBs. For the 76Kr +  58Ni fusion­
evaporation reaction, the strong 4p exit channel, 130Nd, can be studied with the present 
experimental setup up to relatively high spin. According to Table 4.8 of Section 4.3.6, 
it is expected that spectroscopy down to a level of 4 mb can be performed, given that 
there is a valid trigger to select the fusion-evaporation events, i.e. a charged-particle 
detector such as DIAMANT to select the evaporated particles, and by improving the 
7 -ray spectrum with techniques such as the “segment-hit pattern”, as described in 
Section 4.3.4.
Further development of RIBs, namely higher intensity and bigger variety of species, 
will allow completely unknown mass regions to be reached, where the strong exit chan­
nels could lead to the discovery and study of completely unknown nuclei. The SPIRAL
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II [101] project at GANIL, currently under development, aims at delivering very ex­
otic beams at much higher intensities. Moreover, the advances in 7-ray spectrometers 
can provide a breakthrough in 7-ray spectroscopic studies, as weaker channels with 
low cross sections will be observed due to the higher photopeak efficiency of the array. 
The forthcoming AGATA 7-ray spectrometer [102] constitutes such a powerful array, 
which in combination with the SPIRAL II project can revolutionise nuclear structure 
investigations at GANIL.
The stable-ion beam experiment involved recoil-decay-tagging 7-ray spectroscopy 
of the light 110Xe and 109I nuclides using the 54Fe +  58Ni fusion-evaporation reaction. 
The experimental setup consisted of the JUROGAM array in conjunction with the 
RITU spectrometer and the GREAT focal plane at JYFL, Finland. This thesis has 
focused on the results from 109I, which in the past yielded conflicting level schemes from 
two previous experiments. Gamma rays depopulating excited states in 1091 have been 
identified and a new level scheme has been constructed. The three band structures 
observed in 109I have been interpreted in the framework of the Cranked Shell Model as 
being built on 7rg7/2 and Trhn/2 states in a weakly deformed, triaxial nucleus, as well 
as on a 7r<?7/2 orbital coupled to an octupole-vibrational phonon of the 108Te core.
Systematic investigations of nuclei approaching the doubly-magic 100 Sn nuclide are 
of great importance. Their production cross section, however, drops dramatically as 
one approaches the proton drip line. The highly selective recoil-decay-tagging technique 
is proved to be an excellent tool for probing such weakly populated nuclides, i.e. 106Te 
[80], with a 25 nb production cross section via the 54Fe +  54Fe fusion-evaporation 
reaction, has been studied successfully at JYFL in the past. The limits of this technique, 
however, necessitates the advent of new methods to investigate ever more exotic nuclei. 
The answer to this quest comes with the use of more selective devices of higher efficiency 
and/or with the use of RIBs.
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Publications
The material of this thesis resulted in the preparation and submission of the following 
papers:
1. Probing the M aximally Deformed Light Rare-Earth Region Around 
the Drip-Line Nucleus 130Sm
M. Petri, E. S. Paul, P. J. Nolan, A. J. Boston, R. J. Cooper, M. R. Dimmock, 
S. Gros, B. M. McGuirk, H. C. Scraggs, G. Turk, B. Rossé, M. Meyer, N. Redon, 
Ch. Schmitt, O. Stézowski, D. Guinet, Ph. Lautesse, G. De France, S. Bhat- 
tachasyya, G. Mukherjee, F. Rejmund, M. Rejmund, H. Savajols, J. N. Scheurer, 
A. Astier, I. Deloncle, A. Prévost, B. M. Nyako, J. Gal, J. Molnâr, J. Timâr,
L. Zolnai, K. Juhasz, V. F. E. Pucknell, R. Wadsworth, P. Joshi, G. La Rana, 
R. Moro, M. Trotta, E. Vardaci, G. Hackman and G. Ball
Physica Scripta T125, 214 (2006)
2. The use o f EXOGAM  for In-Beam  Spectroscopy of Proton Drip-Line 
Nuclei using Radioactive Ion Beams
M. Petri et al.
In preparation
3. Nuclear levels in proton-unbound 109I: Relative single-particle energies 
beyond the proton drip line
M. Petri, E. S. Paul, B. Cederwall, I. G. Darby, M. R. Dimmock, S. Eeck- 
haudt, E. Ganioglu, T. Grahn, P. T. Greenlees, B. Hadinia, P. Jones, D. T. Joss, 
R. Julin, S. Juutinen, S. Ketelhut, A. Khaplanov, M. Leino, L. Nelson, M. Nyman, 
R. D. Page, P. Rahkila, M. Sandzelius, J. Sarén, C. Scholey, J. Sorri, J. Uusitalo, 
and R. Wadsworth 
Physical Review C 76, 054301 (2007)
The first paper is a peer-reviewed conference proceeding, while the second paper is in 
preparation; both papers are relevant to the work described in Chapter 4. The Regular 
Article in Physical Review C presents the work carried out for 109I of Chapter 5.
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